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PREFACE 



THE FIFTH EDITION. 



SiscE 1^92, when the fourth edition of this work appeared, 

much has been done in the development of thesubject, chiefly 

in the domain of jUtemate-current Machinery, To make 

room for the newer matter the earlier part of the book haa 

been considerably compressed. Much of the chapter relating 

U) the Magnetic Properties of Iron lias been transferred to 

the author's work on 77ie Electriyinagjiet. The chapter on 

Alternators haa been rewritten, as has that on Transformers. 

The subject of Alternate-current Motors has been divided 

into two parts, the Srat being now devoted to Synchronqua 

Motors, the second to Asynchronous Motors : buS the letter 

hiis been briefly handled, owing to ;/i'e rect-ni publicytion of 

the authors work on Polyphase Eleiirir C" •"•mfn, io which 

polyphftse methods, both for generators and 'for motors,' are 

discnssed in detail. The subject of Moti-r -generators now 

constitutes a separate chapter. 

In a department of applied science ^vhich has not only 
grown 8o rapidly but has become so highly specialized as 
tills which deals with electric machinery, no single work can 
sdttpiately treat of all branches. The author therefore refers 
^ reader who desires to follow further any particular branch 
^ lie docmnents to which reference is made in footnotes 
Ibrongbout the book ; and also to the books of Ewing on 
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Magnetic Properties of Iron ; of Fleming on the Alternate- 
current Transformer ; of Bedell and Crehore on Principles of 
Alternate Currents ; of Kapp on Transformers, and on the 
Electric Transmission of Energj'' ; of Weekes on the Design 
of Transformers ; and of Du Bois on the Magnetic Circuit. 
The author has again to acknowledge his indebtedness to 
various manufacturers and designers of machines for infor- 
mation and for material for preparing the various drawings. 
In particular he is under obligations to Messrs. Brown, Boveri 
and Co. (and to Mr. C. E. L. Brown) ; to the Oerlikon 
Maschinenfabrik (and to Mr. E. Kolben) ; to Messrs. Mather 
and Piatt (and to Dr. E. Hopkinson) ; to Messrs. Johnson 
and Phillips ; to Mr. II. F. Parshall, of the British Thomson- 
Houston Co., of London ; to Mr. Thomas Parker, of Wolver- 
hampton; to the Crocker- Wheeler Manufacturing Co., of 
Ampere, N. J. ; to Mr. L. B. Stillwell and to Mr. K. Bell- 
field, of the Westinghouse Co. ; to Hon. C. A. Parsons ; to 
Messrs. Siemens and Halske ; to the Allgemeine Elektrizitats- 
Gesellschaft ; to Messrs. Pyke and Harris ; to Mr. W. M. 
Mx^rfey.<pf Jbhe Brush Electrical Engineering Co. ; to Mr. 
W.* Bt •S&yerai;.4arid Vto; other engineers too nimierous to 

mentiomc •.••:• . • 

A^pecl^id^ht-idfalso acknowledged to M. Boistel, who in 
traHskiJiAflr turo ^rejich the former edition of this work en- 
riched it with sltpplementary notices of French forms of 
miichines, of which the author has made use. 

Lastly, the author acknowledges the untiring aid he has 

received throughout the revision from his assistant, Mr. 

Miles Walker. 

S. P. T. 

December ^ 1S05. 
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)Y]SrAMO-ELECTRIC 
MACHINEBY. 



INTRODUCTORY. 

A Aynamo-electrie machine is a machine for converting energy 
in the form of mechanical power into energy in the form of 
electric current», or vice versd, by magneto-electric induction ; 
the operation being in general that of getting condueton 
(usually of copper) to rotate in a magnetic field. Thia defini- 
tion is framed to include all machines, tJie action of which 
is dependent on the principle of induction,^ discovered by 
Faraday in 1831. 

Every dynamo-electric machine is, however, capable of 
serving two distinct functiniis, the converse of one another. 
When supplied with mechanical power from some extei'nal 
Bource of power, such as a steam-engine, it furniehes electric 
currents. When supplied with electric currents from some 
external source such as a voltaic battery, it furnishes me- 
chanical power. On the one hand the dynamo serves as a 

' Induction means Llie Indndng of electromotive force. Tlieiemi orlgi-. 
nated wllb Paradsy himself. 

" Then I fouml that magnets would induce just like voltaic cnirents, and 
by bringing helices and wires and jackets up lo the poles of magnets, elec- 
trical currenta were inducfd In them These two kind.i ot indiirtion 

I have distinguished by the term volta-electric and magneto-electric (ndue- 
«<«»."— Faraday to R. Phillips, Nov. 1831. 

Tbougb Faraday thus fixed the meaning of the term as the ofierailon of 
ioduelng, a number of recent writers, including Hopklnson, have followed 
the unfortunate example set by Maxwell In using the term Induction in a 
different sense to mean the density of the magnetic fliis. This ought to he 



kToided. 
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2 Dynamo-EUclru Machitury. 

gefuratcT^ cm the other hand as a m^or. All djuamos, how- 
ever, belong to one of two great subdivisions, being distin- 
guished, accorrling to the nature of the current which the}- 
are to supply, whether continwouM (L t, uni-directional in flow} 
or alttmating (t. e. rapidly reversing the direction of the 
flow^. We shall therefore have to consider four classes of 
machines — (a) continuous-current dynamos; (i) alternate- 
current dynamos, or, briefly, alternators; {e) continuous- 
current motors ; (d) alternate-current motors. In the case of 
alternate-current machines, there is a further subdivision of 
clasHes into those which work with single-phase currents, and 
those which work with two or three currents in different phases. 
In general every dynamo, whether intended for use as a genera- 
tor or as motor, consists of two essential parts, ^ field-^magnet^ 
usually a massive, stationaiy structure of iron surrounded by 
coils of insulated copper wire, and an armature^ a peculiarly 
arranged system of copper conductors, usually wound upon the 
[periphery of a ring, drum, or disk, fixed upon a shaft where- 
by rotation can be im{)arted mechanically. There are also 
si>ecial devices for receiving the electric currents from the 
annature and imparting them to the electric cilx^uit, or vice 
verud^ known as collectors or commutMors^ attached to the 
armature and rotating with it, and collecting brushes^ consti- 
tuting sliding circuit-connections, which press upon the mov- 
ing surface of the collector or commutator. In those cases 
where the collecting brush slides from one piece of metal to 
another, thereby changing the connections of the circuits, the 
revolving part is known as the commxUator. In those cases 
• where there is no change of connections, but merely sliding 
contact with one and the same piece of metal, the parts are 
known as slip^ngs or collecting-rings. 

The function of the field-magnet is to provide a magnetic 

field of great extent and density ; that is to say, to provide 
a great flux of lines of magnetic force through the space 

wherein tlie armature conductors are to revolve. It must 
consequently consist of a large and well-designed, and there- 
fore powerful, magnet or electromagnet, having its poles so 
shaped that the magnetic lines that issue from them shall be 
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utilized in the arraatuie spiice. The niaguetio field and the 
mngtietic properties of iron are dealt with iu Cliapter VI.; 
tlie fundamental principles of the magnetic circuit, including 
the designing of field-niagnete, are dealt with in Chapters 
VII.. VIII. and XVI. 

The function of the armature is to rotate in the maguetio 
field, whilst carrying electric cunents in its copper coils or 
tonduclors ; and, while so rotating, to generate electromotive 
forces by the opei-ation of " cutting " the magnetic lines. la 
many modern alternate-cunent generators the armature is 
stationary, whilst the magnet revolves. That part ought to 
be called the armature, which, whether revolving or station- 
ary, is connected to the mains, giving current to them when 
the machine is used as a generator, or receiving current from 
tlieni when used as«a motor. 

It must be remembered that there is a twofold action 
between a conducting wire Informing part of a circuit) and a 
magnetic field. Firstly, if the conducting wire is forcibly 
moved across the magnetic field (ao as to cut across the 
magnetic lines), electrio currents are genemted in the con- 
ductor, and a mechanical effort is required to move the con- 
ductor. This is the action discovered by Faraday and termed 
" magneto-electric induction." In every case the induction or 
geneiutioii of currents necessitates the application of me- 
chanical power and the expenditure of energy. This is the 
principle of the dynamo used as a generator, Secondlt/, if 
the conducting wire, while situated in the magnetic field, is 
actually conveying an electric current (from whatever source) 
it experiences a lateral thrust, tending to move it forcibly, 
parallel to itself, across the magnetic lines, and so enables it 
to exert force and to do work. This action, which is the 
converse of the former, is the principle of the dynamo used 
an a motor. In the first case power is required to drive the 
armature ; in the second, the armature rotating becomes a 
source of power. If we have the magnetic field, and supply J 
power to drive the rotating conductor, we get the electrio I 
currents; if we have the magnetic field and supply the electrio I 

tnts to the conductor, it rotates and furnishes power. ■ 
- i 



4 Dynanuy Electric Machinery. 

Whether the machine be used as generator or as motor, the 
magnetic field must be present: hence the fundamental con- 
sideration in theory is the theory of the magnetic field. As 
every dynamo will work (at least theoretically) either as 
generator or as motor, it should be possible to frame a 
general theory for any machine serving either of these two 
converse functions. For the sake of simplicity , however, 
these two functions will be separately considered in the 
present work. 

The mathematical theory of the dynamo is, indeed, com- 
plex, and takes different forms for its expression in the 
various classes of machine now included under the one name 
of " dynamo." The progress recently made in the theoretical 
treatment of magnetic problems has simplified matters so 
much that it is now possible to predict fiDm the construction 
and dimensions of a dynamo its electrical output under given 
conditions of speed and load. The theory of alternate-cur* 
rent machines is different in many points from that of 
machines which are to furnish continuous currents. The 
theory of the dynamo, then, which will be developed in the 
present work, will not be a general mathematical theory. 
The aim will be to deal with physical and experimental 
rather than mathematical ideas, though of necessity mathe- 
matical symbols must be used here as in every kind of 
engineering work. A physical theory of the dynamo is not 
new, though none of any great completeness had been given^ 
prior to the appearance of the author's lectures at the Society 
of Arts in 1882. 

Before, however, proceeding to the general theory of the 
dynamo, it will be expedient to introduce a few historical 
notes. 

1 See J. M. Gaugain, Annates de Chimie et de Physique, 1873; Antoine 
Breguet, Annales de Chimie et de Physique, 1879; Du Moncel, Exposi des 
Applications de V Electricity, vol. ii. ; Niaudet, Machines 6lectriques ; 
Dredge's Electric Illumination; Schellen, Die Magneto- und Dynamo- 
elektrischen Maschinen (3d edition, 1883). 
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KtBADAT's discovery of the tnagDeto-electric induction of cur- 
rents was made in the autumn of 1831, and communicated, on Nov. 
24lh. to the Royal Society in a paper printed in the Philosophical 
Transactions, and reprinted in the beginning of the first volume of 
Faraday's Ej^ierimental Researches in Electricity. His first ex- 
periments related to the production of induced currents in a coil by 
means of currents started or stopped in a neigliboring coil ; from 
these he wen^on to currents generated in a coil moved in front of 
the poles of a powerful steel magnet. "Upon thus obtaining elec- 
tricity from magnets he attempted to construct ' ' a new electrical 
machine." Adiskof copper, i2 inches 
in diameter IFig. 1), and aboutone- 
fifth of an inch in thickness, fixed 
upon a brass axle, was mounted in 
frames, so as to allow of revolution, 
its edge being at the same time in- 
troduced between the magnetic poles 
of a large compound permanent mag- 
net, the poles being about half an 
inch apart,' The edge of the plate 
was well amalgamated, for the purpose of obtaining 




Faeadat's Disk Dy.na 



good but • 

movable contact, and a part rotmd the axle was also prepared in 
a similar manner. Conductingstripsof copper and lead, to serve 
as electric collectors, were prepared, so as to be placed in con- 
tact with the edge of the copper disk ; one of these was held by 
band to touch the edge of the disk between the magnet poles. 
The wires from a galvanometer were connected, the one to the 
collecting -strip, the other to the brass axle; then on revolving 
the disk a deflexion of the galvanometer was obtained, which 
was reversed in direction when the direction of the rotation was 

' Experimental Renearcftes, I. 25. art. 85. This piece of apparatus is alill 
preserved at the Roynl Institution. It was shown in action by the author 
ol tliie work, at a lecture at the Rojal Institution del irered April lltb, 1891. 
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reversed. "Here, therefore, wa§ demonstrated the production 
of a permanent current of electricity by ordinary mAgnete/* 
These effects were also obtained from the poles of electromagnets, 
and from copper helices without iron cores. Several other forms 
of magneto-electric machines were tried by Faraday. 

In one,^ a flat ring of twelve inches external diameter, and one 
inch broad, was cut from a thick copper plate, and mounted to 
revolve between the poles of the magnet, two conductors being 
applied to make rubbing contact at the inner and outer edge at 
the part which passed between the magnetic poles. In fimother,* 
a disk of copper, one-fifth of an inch thick and only \\ inch in 
diameter (Fig. 2), was amalgamated at the edge, suid mounted 
on a copper axle. A square piece of sheet metal had a circular 
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Fia. 2.— Faraday's Teetotum 
Apparatus. 



Fia. 8.— Faraday's Rotating 
Ck)PPER Cylinder. 



hole cut in it, into which the disk fitted loosely, a little mercury 
completed communication between the disk and its surrounding 
ring. The latter was connected by wire to a galvanometer; the 
other wire being connected from the instrument to the end of the 
axle. Upon rotating the disk in a horizontal plane, currents 
were obtained though the earth was the only magnet employed. 
Faraday also proposed a multiple machine" having several 
disks, metallically connected alternately at edges and centres by 
means of mercury, which were then to be revolved alternately in 
opposite directions. In another apparatus < a copper cylinder 
(Fig. 3), closed at one extremity, was put over a magnet, one half 



1 Experimental Besearches^ i. art. 135. 
» 76., art. 158. 



2 76., art. 155. 
* lb., art. 219. 
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of wbich it enclosed like a cap, and to which It was attached with- 
out making metallic contact. The arrangement was then floated 
upright in a narrow jar of mercury, so that the lower edge of the 
copper cap touched the fluid. On rotating the magnet and ita 
attached cap, a current was sent through wires from the mercury 
to the top of the copper cap. In another apparatus,' still pre- 
served at the Royal Institution, a cylindrical bar magnet, half 
immerBed in mercury, was made to rotate, and generated a cur- 
rent, its own metal serving as a conductor. In another form,* 
the cylindrical magnet was rotated horiBontalJy about its own 
a.iis. and was found to generate currents which flowed from the 
middle to the ends, or vim versd, according to the rotation. In 




Fia. 4.— Fakaday's Rotating Rectanqlg. 

&U these machines the operations were homopolar, and the in- 
duction continuous; but in another machine (Fig. 4) constructed 
some time later,' the operation was heteropolar, and the induction 
all«mate. Here a simple rectangle of copper wire, attached to 
a frame, was rotated about a horizontal axis placed east and 
west, and generated alternate currents, which could be collected 
by a simple commutator. 

Within a few months machines on the principle of magneto- 
induction had been devised by Dal Negro,' and by Pixii.' In the 
latter's apparatus a steel horseshoe magnet, with its poles up- 
wards, was caused to rotate about a vertical shaft, inducing al- 
ternate currents in a pair of bobbins fixed above it, and provided 
with a horeshoe core of soft iron. Later, in 1832, Fixii produced, 

> Experimental Renearchet, I. art. 220. 

' Ih., art. 222. ' P>.. ill. art. 3192. 

• Phil. Hag. [3] i. 45, July 18-32 (an o»dlUtory apparatus). 

*Ana. Cbim. Fhl/».. I. 822, 1S32. 
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at the suggestion of Ampere/ a second machine, provided with 
commutators to rectify the alternating currents. Further im- 
provements were made by Ritchie * and Watkins.* In 1833 ap- 
peared the machinei of Saxton/ and two years later that of Clarke ; * 
b^ith having the sttel horseshoe magnet a fixture, and having as 
a revolving armature an electromagnet consisting of a pair of 
bobbins wound upon a simple horseshoe of iron. Clarke*s machine 
possessed many original details, including a special form of com- 
mutator for giving short, sharp currents for physiological pur- 
poses. In it the armature rotated, not opposite the ends, but in 
close proximity to the flat faces of the magnet. In Saxton's 
machine, which was shown to the British Association at Cam- 
bridge in 1833, the armature was rotated opposite the polar ends, 
and consisted of four coils. Von Ettingshausen,* in 1837, brought 
out a very similar alternate-current machine, with a special de- 
vice by which the alternate currents could be cut out. Poggen- 
dorff ,7 in 1838, devised a special mercury-cup conmiutator for 
Saxton*B machine, to make the currents less discontinuous. 

Other improvements in detail were made by Petrina,* who im- 
proved the conmiutator; Jacobi,* who pointed out the import- 
ance of using short cores for the armatures ; Sturgeon,io who placed 
a shuttle- wound coil longitudinally between the limbs of a horse- 
shoe magnet, and who also invented the simple two-part com- 
mutator or ^^unio-directive discharger,*' as he termed it; 
Stohrer," who showed how to construct a six-pole machine with 
six bobbins in the armature ; Ritchie,^^ who employed tubular cores 
and a double winding; and Pulvermacher,^* who in 1849 proposed 
the use of thin laminee of iron bs core-plates. Woolrich,^^ in 1841, 

1 Ann. Chim. Phys,, 11. 76, 1832. 

a Phil, Mag. [3] viii. 455; [3] x. 280, 1837; and Phil. Trans., 11. 318, 1838. 

» Phil Mag, [8] vU. 107, 1836. 

• Phil. Mag. [8] Ix. 860, 1886. 

> Phil. Mag, [8] Ix. 262, 1886; x. 865, 455, 1837; and Sturgeon's AnnaU 
qf Electricity y i. 145. 

• Gehler's Physikalischea Worterbuch, ix. 122, 1888. 
^ Pogg, Ann., xlv. 885, 1888. 

• Pogg, Ann., Ixlv. 58, 1845. 

• Pogg. Ann.y Ixix. IM, 1846. 

^ Annals qf Electricity, 11. 1, 1888. See, also Sturgeon's Scientific Re- 
searches, p. 252; also Phil. Mag., vli. 281, 1885. 
" Pogg. Ann., 1x1. 417, 1884; Ixxvll. 467, 1849. 
12 Specification of Patent, 14,899 of 1849. 
" Loc. cit. 
'« See also Specification of Patent, 9481 of 1842. 
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devised a multipolar machine for electroplating, having twice as 
n»any rotating coils as magnet-poles. Wheatstone' began his 
improvements in 1841. with a machine in which for the first time 
the armature coils were so grouped as to give* really continuous 
current (Fig. 5|. For this purpose five nrmatures, each consist- 
ing of a pair of short parallel cylindrical coils with iron cores, 
iind each La%'ing a simple split-tube commutator, were arranged 
in a row along a single shaft, with six compouml steel magnets 
between them, the five armatures being ho set that they come 



Fig. 5,— Wheatstose'b Contisi:ods-curbent Machine. 

successively into the position of greatest activity, no two of them 
being commuted at the same instant. They were connected in 
eeriea with one another by wires, which joined the positive brueb 
—a brass spring— of one to the negative brush of the next. In 
184.1 Wheatstone* and Cooke patented the use of electromagnets 
instead of steel permanent magnets in such machines. In 184S 
Jacob Brett' made the important suggestion of causing the cur- 
rent developed in the armature by the permanent magnetism of 

■ Speclflotion of Palent, 9022 of 1641. 
• Speclftoitlon of PaieDt, 10,655 of 1845. 

■ SpeciOcatlon of Patent, 12,054 of 1648. 
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the field-magnets to be transmitted through a coil of wire sur- 
rounding the magnet, so as to increase its action. This sugges- 
tion, which appears to be the first indication of the principle of 
the self -exciting dynamo, was independently made in 1851 by Sin- 
steden,^ who appears to have had full knowledge of the fact, in- 
vestigated by Miiller, that steel is capable of receiving a temporary 
magnetization not greatly inferior to that of wrought iron, and 
far in excess of that which it can pemmnently retain. Sinsteden's 
researches were numerous and important, relating to the best 
width of polar surface to employ, to the use of pole-piecee, and to 
the lamination of armature cores, for which purpose he employed, 
in 1849, iron wire bundles. A quite different type of machine 
was suggested independently by Ritchie,^ by Page,' and by Du- 
jardin,* in which neither field-magnet nor armature rotated; the 
coils in which the currents were to be induced were wound upon 
polar extensions of the field-magnets, and the induction was pro- 
duced by rotating in front of them pieces of soft iron, which set 
up rapid periodic variations in the magnetic field. Machines on 
this * ' inductor " principle were later devised by Holmes, Henley, 
Wheatstone, Wilde, Sawyer, by the author of this work, and by 
Kingdon. 

Nollet,* in 1849, devised an alternate-current machine, in the 
construction of which he was joined by Van Malderen; and after 
the death of Nollet this was developed, with the aid, first of 
Holmes, then of Masson and Du Moncel, into the "Alliance"* 
machine which, from the year 1863, did good service in the light- 
houses of France. Holmes continued to perfect his work, and 
produced a fine machine,' which in 1857 received high commen- 
dation from Faraday. The great machine of Holmes shown in 
the International Exhibition of 1862, was a continuous-current 
machine, with a large commutator and rotating rollers for 
brushes; the bobbins, 160 in number, were arranged on the peri- 
pheries of two wheels, each about 9 feet in diameter. There were 

^ Pogg. -4nw., Ixxxiv. 186, 1851. For Sinsteden's other researches see 
Pogg. ^>i?i.,lxxvi. 29, 195 and 524, 1849; Ixxxiv. 181, 1852; xcii. 1 and 220, 
1854; xcvi. 353, 1855; exxxvii. 2W and 483, 1869. 

2 Phil. Mag., [3] x. 280, 1837. » Annals of Electricity, 489, 1839. 

* Comptes Rendm, xviil. 8:]7, 1844; x%l 528, 892, 1881. 

^ Sec Specification of Patent, 13, 302 of 1850. See also Douglass in Proc, 
Inst. Civil Engin., Ivii. 1878-9. 

® See Du Moncel' s Exposedea Applications de V ^lectricit^y I. 361. Also 
see Le Roux, Bulletin de la Societe d'' Encouragement, 1868. 

^ See Douglass, lod cit. Also Specifications of patents, 573 of 1856, 2060 
of 1868, and 1774 of 1869. 
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sixty horseshoe magnets arranged in tliree circles, each present- 
ing radially forty poles. In 1867 Holmes remodelled his machine, 
making the field-magneta more powerful in proportion, and leav- 
ing the inducedcurrentsunconunuted; and in 18)59 he introduced 
the principle of diverting the current from a few of the armature 
coils, through a commutator, to excite the field-magnets. This 
period was one of great activity. In 1835 Hjorth ' patented a 
refliarkahle machine, having for its field-magnets a compound 
arrangement of a permanent magnet to provide initial currents, 
and powerful electromagnets to be excited up by the currents 
generated by the machine itself. 

C. W. Sienoens* in 1858 provisionally patented the famous 
shuttle-wound longitudinal armature, invented by Werner Sie- 
mens. In 1859,* he made the suggestion that the core only need 
rotate, the coils being fixed in grooves in the pole-pieces of the 
field-magnets. Wilde,* of Manchester, embarked on a remark- 
able series of researches from 1861 to 1867. Beginning with small 
apparat\is for telegraphic purposes, he was led in 1863 to devise 
an apparatus having a shuttle-wound Siemens armature between 
the poles of a powerful electromagnet, the coils of which were 
traversed by currents furnished by a small auxiliary machine — 
with shuttle-wound armature and permanent magnets — mounted 
upon its summit. In 1866 and 1867 Wilde devised alternate-cur- 
rent machines, of which the latest had a number of bobbins 
mounted on the periphery of a disk rotating between two oppo- 
Eit« crowns of alternately polarized field-magnets — a type which 
survives to the present day. These machines, originally separ- 
ately excited by currents from a small magneto machine, were 
made self-exciting, in 1873, by diverting through a commutator 
the currents induced in one or more of the armature bobbins. 
The principle of using the whole or part of the machine's own 
currents to excite the requisite niagnetiam of its field-magnete 
was by this time becoming recognized. As mentioned above, 
Brett, Sinsteden, and Hjorth had all made use of his princi- 
ple. In 1858, Johnson,* patent agent for a foreign inventor, 

1 SpecfBcntions of PalcnU, 12, 205, of 1848, 21»Q of 1854, 2198 of 1B54, 
SOe at 1B65, SOT of 1S55, and 80S of 1S56. 
' SpecificaUon of Patent, 2017 ot 185«. See W. Siemens, Pvno- Ann., c\. 

ni, itfflT. 

■ Specification of Patent, 512 of 1859. 

• Speciflcatloiia of Patents, 299, 858, 1004 and 2097 of 1801 ; 510 and 3000 
of 1S03, 1412 and 2753 of 18(15, 3200 of 1800, and 824 of 1867. 
' SpecifiuAlion of Patent, 2070 of ISSe. 
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states; ** It is proposed to employ the electromagnet in obtaining 
induced electricity, which supplies wholly or partially the elec- 
tricity necessary for polarizing the electromagnets, which elec- 
tricity would otherwise be required to be obtained from batteries 
or other known sources." In July 1866, Murray* stated that he 
had connected in series with the armature some coils wound on 
the field -magnets of his magneto machine and recommended the 
adoption of this plan. In October 1866, Moses G. Farmer* wrote 
to Wilde of Manchester, describing his success in winding main 
circuit coils upon the field-magnets of his machine, so as to cause 
it to excite its own magnets. In November 1866, Baker* stated 
that the secondary currents from the revolving magnets might 
be applied to magnetize the fixed magnets. In December of the 
same year C. and S. A. Varley* filed a Provisional Specification 
for a machine having electromagnets only, which apparatus, 
however, re(|uired before using to have given to it a small 
amount of permanent magnetism since the inventors state that 
'Hhe bobbins become slightly magnetized in their passage be- 
tween the poles of the permanent magnets." This, it must be 
conjectured, was given to it by passing an electric current through 
the coils of the electromagnets; a device which reappears in 
another machine patented by the same inventors in June 1867, 
and again in another by O. and F. H. Varley in 1869. The elec- 
tromagnets of the 1867 machine were wound with two separate 
circuits, supplied alternately with currents from two commuta- 
tors which received the currents from two separate pairs of coils. 
Mr. S. A. Varley continued, in 1868and 1871, to patent magneto- 
electric generators. In 1876 he returned to the self-exciting 
method, employing a multiple armature in which the principle 
was applied of cutting out each coil in succession during the 
rotation. In this machine also there were two windings on the 
field -magnets, one of greater resistance than the other, both of 
which were led to the lamp, the circuit of greater resistance 
being always closed. It was not, however, clear that this 
method of double winding was what is now understood as ** com- 
pound winding,"* until such was laid down with legal authority 

1 See Engineer, p. 42, July 20, 1866. 

2 Proc, Lit, and Phil. Soc. of Manchester, vi. 107. 
8 Specification of Patent, 3039 of 1806. 

* Specification of Patent, 3394 of 1860. Other Yarley Specifications are 
1755 of 1867, 315 of 1808, 131 and 1150 of 1871, 4905 of 1876, 270 and 4435 of 
1877, 4100 of 1878. 

6 See Phil. Mag. [4] xlv. 439, 1873. 
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by a Scotch judge fifteen yeflTs later. Returning to the self -ex- 
citing principle, we find that on January 17th, 1867, Dr, Werner 
Siemena' described to the Berlin Academy a machine for gener- 
ating electric currents by the application of mechanical power, 
the euri-enta being induced in the coils ofTi rotating armature by 
the action of electromagnets, which were themselves excited by 
the currents so generated. In thia machine also iaitial permanent 
magnetism was to be given by sending a preliminary current 
Minjugh the coils from a battery. To mark the importance of 
th'3 departure Siemens coined the name dynamo-electric machine, 
which now, in the shortened form of dynamo, has become the 
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familiar l*rm for nil these electric machines driven by mechani- 
cal power, whether eelf-excited or not. On the same day that 
thia discovery wna announced to the Royal Society, February 
nth, 16U7, a paper was read by Sir C. Wbealstone," making a 
almost identical suggestion; but with this difference, that whilst 
Siemens proposed that tlte exciting coils should be in the main 
circuit, in series with the armature coils, Wheatstoue proposed 
that they should be connected as a shunt. A self-exciting 
machine without permanent niagnets had indeed been constructed 

» Berliner Bertchte, Jan. IW: Proc Boy. Soc, Veh. U. 1867; Speeifi- 
tttlon of Patent, 2U1 of 1807; bikI Po-jr/. Ann., cxx\. 33^. 1:^7. 

*Pr0C. Bov- Soe., Feb. 14, 1S»7. 
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for Wheatstone by Mr. Stroh in the summer of 1866. In 1863ffl 
Ladd' exhibited a ttelf-esciting machine having two shuttle- 1 
wound armatures, asmailoneto excite the common field-magnet, I 
a large one to supply currents for electric light. 

Meantime the question of procuring continuous currents, with I 
lees fluctuation in their strength, had come up, and had received I 
from Paciuotti ^ an answer which, though it fell into temporary 1 
oblivion, is now recognized as of great merit. He devised t 

tchine, first described in i»ii4. having as its armature an eleo-J 




,— Oraumb Machinb, Laboratory Pattbes. 

tromsgnet in the form of a ring, the core consisting of a toothi 
iron wheel, between the teeth of which the coils were wound i 
sixteen separate sections. He denominated this a " tronsvera 
electromagnet." The coils being joined up in a closed circuit, i£9 
at any point a current was introduced, it flowed both ways thrc_ 
the coils to some other poiot where it was taken off by a retu. 
wire. By the device of leading down connections, at sixteen di&| 

xis. 378, IBM. 
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f«rent pointe around the ring, to sixteen insulated pieces of metal 
arranged as a commutator, it was possible to cause magnetic poles 
to appear in the ring at any desired points. The principle of 
winding a continuous coil in separate symmetrical sections around 
a ring, or other figure of i-evolution, was independently invented, 
in 1870, by Gramme.' whose ring had no teeth, and was entirely 
overwound with wire. By winding an armature with a number 
of such symmetrically grouped coils which pass aucc^asively 
through the magnetic field, currents can he obtained that are 
practically steady. The introduction of the Gramme armature 
was at once recognized as marking an important step, and it gave 



Fio. 8.— SiEMENs's Dynamo with von Hefner Altenkck's 

Dkvm-wousd Armatvre. 

a fresh impetus to invention. In 1873 von Hefner Alteneck « 
modified the longitudinal armature of Siemens by covering it with 
windings spaced out at symmetrical angle6 to secure the same ad- 
vantage of continuity, and Lontin " in 1874 sought to perform a like 
transformation upon an armature with radiating poles. Gramme 
and Siemens both devised many special forms of machines, soma 

' Comple» ItendMS. liiiit. 175, 1871, and Ixxv. 1497, 1872; nnil Spppifira- 
tion of Patent, 1068 of 1370. 

*Speciac»tlon of PaLent, 2008 ot 187.1. A fhimllur siiggeallon bad been 
llirown ont the previous year by Wonns de Romllly. 

' SpecitlcaiionB of Patents 473 of 1875, 38(1 and 32W ot 1H70, 
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furnishing alternating currents,^ others continuous currents. 
Bertin in 1875, Brush in 1879, and Siemens,^ in 1880, revived the 
method of shunt- winding. 

In 1878 Pacinotti • devised a kind of armature in which the 
conductors took the form of a flat disk or fly-wheel. Brush * also 
introduced his famous dynamo embodying the principle of open- 
coil working. He also introduced the simultaneous use of a shunt 
and a series winding for the purpose of enabling the machine to 
do either a large or a small amount of work. Another open-coil 
machine was introduced in 1880 by BHihu Thomson and E. J. 
Houston,* of Philadelphia. About the same time Weston « de- 
vised several forms of dynamo, and in particular developed shunt- 
wound machines. Many other American inventors produced 
dynamos, amongst them Edison,' who began in 1878, with a ma- 
chine in which the motion was oscillatory instead of rotatory, 
a device which had been tried by Dujardin,' in 1856, by Siemens,* 
in 1859, by Wilde,^° in 1861, and abandoned. Edison himself 
abandoned it in 1879 for a form of machine having a modified 
Hefner- Alteneck armature and an elongated shunt- wound electro- 
magnet. In 1881 he produced a disk dynamo on the same lines 
as Pacinotti's disk. The same year saw a revival of alternate- 
current machines in the forms devised by Lord Kelvin ^ (and in- 
dependently by Ferranti) and Gordon, i^ who constructed large 
two-phase generators. 

About this time multipolar dynamos began to come into favour, 
the multipolar drum armature introduced by Lord Mphinstone i* 
and Mr. Vincent, and the multipolar ring, independently, by 
Schuckert, Gramme, Gulcher, and Mordey.^* Lord Elphinstone in 
particular drew attention to the importance of perfecting the mag- 
netic circuit, though, for purely mechanical reasons, his machine 

I Specifications of Patents, Gramme, 953 of 1878 ; Siemens, 3134 of 1878. 
« PhiU Tram,, March 1880. » JVuoco Cimtnio [3] i. 1881. 

* Specification of Patent, 2003 of 187S. 
6 Specification of Patent, 315 of 1880. 

6 Specifications of Patents, 4280 of 1870, 1014 and 2194 of 1882. 
' Specifications of Patents, 4220 of 1878, 2402 of 1879, 1240 and 2954 of 
1881, and 2052 of 1882. 
8 See Du MoncePs Expoae des Applications, i. p. 372. 
Specification of Patent, 512 of 1859. 
1^ Specification of Patent, 924 of 1861. 

II Specification of Patent, 5668 of 1881. 

12 Specifications of Patents, 6636 of 1881 and 2871 of 1882. 
i» Specifications of Patents, SS2 of 1870, and 2893 of 1880. 
" Specification of Patent, 400 of 188:). 
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soon becnme obsolete. Hopkinson ' showed how greatly the per- 
formance of a dynamo was improved by improving and making 
more compact its magnetic circuit, whilst Crompton s amidst a 
number of improvements in detail, showed the advantage of in- 
creasingthe crosa-seclion of iron in the armature core. Meantime 
theoretica^l considerations had led Marcel Deprez," in 1681, to the 
conclusion that a dynamo driven at a certain critical speed ought 
to be able to distribute currents at a constant potential if its field- 
magnpls were provided with a second coil to furnish from a bat- 
tery or other source an independent and constant auxiliary eat- 
citntion. This was almost immediately followed by the general 
adoption of the so-called compound winding, for the purpose of 
obtaining a self -regulating djTiamo, this advance being the sub- 
ject of conflicting rival claims. Since 1883 the chief progress 
made has been in details of design and mechanical construction. 
Large multipolar machines for continuous currents have been 
designed by Siemens and Halske. by C. E. L, Brown, and others, 
and are superseding bipolor forms. Disk dynamos have also 
been introduced by Desroziers and by Fritsche. Special methods 
of construction to facilitate the eparkless collection of large cui^ 
rente have been devised by Ryan and by W. B. Sayers. Large 
alternating machines have been constructed by various desginers, 
Mordey'a machine having a notable departure in the use of a 
single compact magnetic circuit for the field-magnet. Polyphase 
alternate-current generators have been introduced, chiefly since 
189!, for the purpose of furnishing two or more alternatecurrents 
differing in phase from one another ; the reason for these machines 
being the convenience of distributing power by alternate currents 
lo polyphase motors. Quite recently there are signs of a revival 
of the "inductor" type of alternator, having no copper in the 
moving parte; Eingdon, Stnnlej'. Brown, Dobrowolsky, Pykeand 
Thury having independently perfected sTich machines. The " um- 
brella type of dynamo, with vertical driving shaft was introduced 
by Brown for turbine service, and has been used in many very 
large machines. The largest are the two-phase alternators in use 
at Niagara, constructed by the Westinghouse Co. 

The other branch of the subject, that of the electric motor, goes 
back to the discovery by Faraday » in 1821 of electromagnetic rota- 

1 Specification of Patent, ffT3 ot 1683, 

> SpcclHcations of Patenia, ^018 and 4810 ot 18S2, and 4302 of 1884. 
' Xu iiimrtre £tectH(iiie, December .1, 1881, and January 5, 18S1. 
■ Journal of Royal Jniititution, September 1S21. 
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tion, and the invention, in 1823, by Barlow,^ of his rotating wheel. 
The earliest electric motors in which the principle of attraction by 
an electromagnet was applied were those of Henry,* in 1831, and 
of Dal Negro,' in 1832, and these were followed in 1833 and 1834 
by the motors of Ritchie* and of Jacpbi,» and in 1837 by that of 
, Davenport.' Many other inventors devised machines of this kind, 
some of the most famous being Page ? in the United States, David- 
son in Scotland, Wheatstone « in England, Froment* in France, and 
Pacinotti '^ in Italy. The discovery that the action of a dynamo 
is the simple converse of that of the motor, and that the same 
machine can serve either function, appears to have been made by 
Lenz," in 1838. It was known to Jacobi " in 1850, though it only 
came into general recognition somewhat later. It was certainly 
known in 1852, for in the fourth edition of Davis^s Magnetism^ 
published at Boston, an apparatus, described as a *^ revolving 
electro-magnet ^* (a slight modification of Ritchie^s motor) isshown, 
on page 212, as a motor, and the same apparatus is again shown 
on page 268 as a generator, accompanied by the remark that 
*' any of the electromagnetic instruments in which motion is 
produced by the mutual action between a galvanic current and 
a steel magnet may be made to afford a magneto-electric current 
by producing the motion mechanically." Walenn » explicitly 
stated the same point in 1860 ; and it was also stated by Pacinotti 
in 1864. The principle of transmitting power from one dynamo 
used as a generator to another used as a motor is claimed for Fon- 
taine and Gramme, as a discovery made in 1873, when such an 
arrangement was shown at Vienna. It has been noisily claimed, 
but without the shadow of reason, for Marcel Deprez," who 
did not, however, discover it until 1881. In 1882 Ayrton 

1 Barlow, On Magnetic Attraction (1823), 279; and Encyclopaedia Metro- 
politana (1824), iv. art. Electromagnetisni, 36. 

2 SiUiman''8 Journal, xx. 340, 1831. Also Henry, Scientific Writings (1886), 
i. 54. * Annali delle Scienze Lombardo-Veneto, March 1834. 

* Phil. Trans,, 1833 [2], 318. ^ rinstitut, Ixxxii. Dec. 1834. 

• See Annals of Electricity, ii. 1838; Encyclopcedia Britannica (ed. vil.) 
art. Voltaic Electricity, 687. 

^ Silliman's Journal, xxxiii. 178; and [2] x. 844 and 483, 1850. 

8 Specification of Patent, 9022 of 1841. 

^ See Cosmos, x. 495, 1857, and La Lumth-e Electrique, ix. 193, June 1883. 

10 Nuovo Cimento, xix. 378, 1865. 

" See Sturgeon's Annals of Electricity, iii. 384, 1838; and Pogg. Ann.^ 
xxxi.483, 1838. ^^ Mimoire sur la TMorie des Machines 4lectromagnetiques. 

i» Specification of Patent, 2587 of 1860. 

" Specification of Patent, 28.')0 of 1882. See Journ, Soc, Telegr, En- 
gineers, xii. 301, 1883, 
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and Perry made the important discovery of the automatic regula- 
tion of motors, to run with constant velocity, by methods akin 
to, but the converse of, those adapted for making dynamos self- 
regulating. Since that date, the improvements made in continuous 
current motons, though great, have been in mechanical perfection 
of design and detail. The alternate-current dynamo does not 
make a convenient alternate-current motor, as it is not self- ■ 
starting. When once started, however, it runs in absolute 
synchronism with the generator. Bailey, in 1879, showed how to 
produce rotation by the currents induced in a copper disk placed in 
a systematically shifting magnetic field. FeiTaris, in 1888, made 
the important suggestion to drive a motor by two independent al- 
ternate currents of similar period, but differing in phase, thus pro- 
ducing a rotatiag magnetic field. The same suggestion came in- 
dependently from Nikola Tesia, who first put such motors into 
practical form. Many forms of rotatory-field motors have since 
been devised; various engineers, including Dolivo-Dobrowolaky, 
C. E. L. Brown and others, have brought the induction motor to a 
remarkable pitch of perfection. In the States a two-phase motor 
on a different plan has been perfected by Stanley and Kelly. The 
success of these polyphase motors, in which the rotating part is an 
entirely independentsimpleatructureof iron and copper, receiving 
its currents by induction and without any commutator or circuit 
connections, has led to the device of single-phase motors for use 
with simple alternate currents. The structure of these motors 
rtsembles that of the polyphase motors, since the revolving part 
receives ite currents solely by inductinn. 

The theory of the dynamo dates back to the investigdlions of 
Weber ^ and of Neumann * respecting the general laws of magneto- 
electric induction, followed by Jncobi's* calculations and experi- 
ments respecting the performance of an electric motor, by Pog- 
geudorff's ' and Koosen's * investigations of the theory of the Sax- 
Ion magneto machine, and by tlie researches of Lenz,» Joule,' Le 
Roux,* and of Sinsteden.^ These researches were followed at a 

' EUktrodi/namUche MaaalieiiUniiiian'jen (184!i). 

' Berltiier BerichU. p. 1, 1845; and p. 1. Ift47. 

• Piyg. Ann., 11. 370. 1840; Ixix. 181, 1848; atifi Kmnig'» Jovrnal, ill. 
377, 1831. Alio Ann. Chim. Pht/e. [8] xxxlv. 4.il, 1852. 

' Pvaa. Anju, xlv. 390. 1838, 

' Potig. Ann., IxiXT. 228; and btxivii. 38«, 1852. 

• Poi/g. Ann..XTfxU 483. 1834; xxxiv. 385, lfl.3.'i; and icM. 128, 1854. 

' AmtaU c^ Klvt^Mcity. Iv. v. I831H0; Phil. Miiy. [S] silii. 2*13, 347 and 
«S. 1843. 
' A. Chim. Phyn. [3] 1, 403, 1S57. • Pong. Ann. Issxiv. 181. 1351. 
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long interval by those of Favre,^ followed by silence for twenty 
years, broken only by the pregnant, but almost totally forgotten, 
little paper in which Clerk-Maxwell ' laid down a theory for self- 
exciting machines. On the revival of electric lighting the theory 
of the dynamo was again studied, important contributions being 
made by Mascart,' Hagenbach,* von Waltenhofen,* Hopkinson,* 
Herwig,^ Meyer ' and Auerbach,' and Joubert. The latter founded 
the modem theory of alternate-current machines. Hopkinson " 
devised the method of representing, by a curve, the relation be- 
tween the current and the working electromotive-force of the 
machine; such curves, under the name of ** characteristics," sub- 
sequently formed the basis of the theoretical researches of Marcel 
Deprez." In 1880 Frolich " began a series of investigations, both 
experimental and theoretical, that led to equations of remarkable 
simplicity, if not of more than approximate value, and in 1883 
Clausius,i< adopting Frolich's fundamental expression for the law 
of the electromagnet, evolved with great elaboration a theory in 
which all the various secondary effects arising in generators were 
taken into account — a theory which he later extended to the case 
of motors. In 1886 John and Edward Hopkinson ^« published a 
remarkable paper, developing, from theoreticcd considerations 
respecting the induction of magnetism in a magnetic circuit of 
given form and materials, a theory of the dynamo, the perfection 
of which may be judged by the fact that its use, as now extended 
by various workers, enables the performance of a machine to be 
predicted with extraordinary accuracy from the design as laid 
down in the working drawings. Other contributions to the theory 
of dynamos have been made by Lord Kelvin ^. (windings to secure 

1 Comptes Rendu8y xxxiv. 342, 1853; xxxix. 1212, 1854; xlvi.337, 658,1858. 

2 Proc, Royal Soc, Mar. 14, 1867; And Phil. Mag, [4] xxxiii. [474J, 1867. 
« Journal de Physique, vi. 204, 297, 1877; and vii. 89, 1878. 

• ArchiToesdes Sciences Physiques, Iv. 255, March 1876; and Pogg. Ann.^ 
clviil. 599', 1876. * Wiener Berichte, Ixxx. 601, 1879. 

• Proc. Inst. Mech. Engineers, 238, 1879, and 266, 1880. 

7 Wied. Ann., viii. 494, 1880. « Wied. Ann., viil. 494, 1879. 

• Ann. de VEcole JSormale, x. 131, 1881; and Journal de Physique [2] IL 
293, 1883. w Proc. Inst. Mech. Engineers, 238, 1879. 

^^ Comptes Rendus, xcii. 1152, 1881; and La LumCere Electrique, xy. 1, 
1885. 

12 Berl. Berichte, 962, 1880; Electrotechnische ZeiUchrift, ii. 134, 170, 
1881; vl. 128, etc., 1885; and ix., Nov. 1888. 

i> Wied. Ann., xx. 353, 1883; xxi. 385, 1884; Phil. Mag. [5] xvli. 49 and 
119, 1884. »* Phil. Trans., i. 831, 1886. 

'' Journal de Physique [2] ii. 240, 1887; and Comptes Rendus, xciii. 474^ 
1881. 
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maximum efficiency), Kapp ' (pre-iletemiination of characteristic 
curve), Riicker' (limits of self -regulation), Esaon ' (design of 
multipolar machines), and others. Hering,' Fritsohe," and 
Arnold' have published studies on the modes of winding arma- 
turea; and the latter has given a formula for all kinds of con- 
tinuous-current inaehines with closed-coil armatures. Methods 
of analyzing the various losses of energy due to friction, hys- 
teresis and eddy-currenta have been de%'ised by Mordey,' and 
later by Kapp* and Housmnn,' independently. The theory of 
alternate current motors both of the asynchronous and of the 
synchronous types has of late received much attention from 
various writers. "^ 

' JauTR.. Soe. TeUgr. Engineert, xv. 518, 1887. 

' Phil. Mag. (S) xlx., 482, June lB8o. 

' Journal In*t. EUetrieal EnifinecM, xx. ISfll. 
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CHAPTER III. 

PHYSICAL THEORY OF DYNAMO-ELECTRIC MACHINES. 

All dynamos are based upon the discovery made by Faraday 
in 1831, that electric currents are generated in conductors by 
moving them in a magnetic field. Faraday's principle may 
be enunciated as follows : — When a conductor is moved in a 
magnetic field so as to cut the lines of force, there is an 
electromotive-force induced in the conductor, in a direction 
at right angles to the direction of the motion, and at right 
angles also to the direction of the lines of force. 

Dr. Fleming has given a most useful rule for remembering 
this connection between motion, magnetism, and induced 
electromotive-force. Hold the thumb and the first and 
middle fingers of the right hand as nearly as possible at 
right angles to each other, as in Fig. 9, so as to represent 
three rectangular axes in space. If the thumb point in the 
direction of the motion, and the forefinger point along the 
direction of the magnetic lines, then the middle finger will 
point in the direction of the induced electromotive-force.^ * 

This induced electromotive-force is, as Faraday showed, 
proportional to the number ^ of magnetic lines cut per second ; 
and is, therefore, proportional to tlie density of the magnetic 
field, and to the lengtli and velocity ^ of the moving conductor. 

' A more usual rule for remembering the direction of the induced cmrents 
is the following adaptation from Ampere's well known rule : — Supposing a 
figure swimming in any conductor to turn so as to look along the (positive 
direction of the) lines of force. Then if he and the conductor be moved to- 
wards his right hand, he will be swimming with the current induced by this 
motion. 

' For the numerical signification to be attached to the term " number of 
magnetic lines," see p. 113. 

8 If the direction of the motion is not at right angles to the direction of 
the field, the resolved part of the velocity in the direction at right angles to 
the field must be considered as the effective velocity. 
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For steady cun-eiita, tlie flowof electricity in the eoDductoris, ' 
by Ohm's well-known law, directly piopoitional to this electro- 
motive force, and inversely proportional to tlie resistance 
of the conductor. For sudden currents, or currents whose 
streugtli is varying rapidly, this is no longer true. And it is 
one of the most important matters, though one too often 
overlooked in the construction of dynamo-electric machineiy, 
that the " resistance " of a coil of wire, or of a circuit, is by no 
nienms the only obstacle offered to the generation of a momen- 




RJehl Hand. 
Fio. fl,— Illustration op Flehino's Rule. 



tary cairent in that coil or circuit ; but that, on the contrary, 
the " self-induction " exercised by one part of a coil or circuit 
upon auotlter part or parts of the same, Ls a consideration, in 
many cases quite as irapoi'tant as, and in some cases more 
important than, the resistance. 

To understand clearly Faraday's principle — that is to say, 
how it is that the act of moving a wire so as to cut magnetic 
lines of force can induce or generate a current of electricity in 
tliat wire — let us inquire what a current of electricity is. 
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A wire through wliicli a current of electricity is ftowing 
looks in no way different from any other wire. No man has 
ever yet seen the electricity nniniHg along in a wire, or knows 
precisely what is happening there. Indeed, it is still a dis- 
puted point which way the electricity flows, or whether or not 
there are two currents flowing simultaneously in opposite 
directions. One thing is certiiiii : that the energy does not 
flow along the substance of the wire at all, but is traui^mitted 
across the surrounding medium, transversely. Until we know 




Flo. 10— Maonetic FiKiJ> OF Bab-Mag.sct. 

with absolute certainty what electricity ia, we cannot expect 
to know precisely what a current of electricity is. But no 
electrician is in any doubt as to one most vital matter, 
namely, that wlien that which is called an electric current 
flows tlirough a wire, the magnetic forces with which that 
wire is thereby, for tlie time, endowed, reside not in the wire at 
all, but in the space surrounding it. Everyone knows that in 
the space or " field " surrounding a magnet there are magnetic 
forces whose direction and intensity are conveniently pcHV^ 
trayed by magnetic " lines of force." These lines ! 



I 



utiy ptas-^ 
I start ij^l 



tuflfi from tlie N-pointing pole and curve routitl to the S-point- 
ing pole of the magnet. They are invisible until, by dusting 
iron filingti into the field, their presence is made known, tliough 
they are always in i-eality there (Fig. 10), and can be detected 
ill several independent ways. A view of the magnetic field at 
the pole of a bar magnet, as seen end on, would, of couise, 
exhibit merely radial lines, as seen in Fig. II. 

Now, every electric current (so called) is surrounded by a 
magnetic field, the lines of wliieh can be similarly revealed,^ 
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To observe them, a hole is bored through a card or a piece of 
glass, and the wire which carries the current must be passed 
up through the hole. Wlien iron filings are dusted into the 
field they assume the form of concenti'ic circles (Fig. 12), 
ehowing that the lines of force run completely round the wire 
and do not stand out in tufts. In fact, every conducting wire 
is surrounded by a soit of magnetic whirl, like that shown in 
Fig. 13. A great part of the energy of the so-called electric 
current in the wire consists in these external magnetic whirls. 
To set them up requires an expenditure of energy ; the current 
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on being started doea not instantly assume ite full streiigt)), 
part of ite energy ia being employed during the variable period 
in building up tbis surrounding field. On stopping ilie current 
by breaking the circuit tbis surrounding energy i-etunis back 
into the circuit, the tield,a3 itcollapses upon the wire, tending 
to maintain the current, and causes the spark seen at the break 
of tlie circuit. It is these magnetic whirls which act on 



\ 



-tjj 
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magnets, and cause tlieni to set, as galvanometer needles do, 
at right angles to the conducting wire. 

Now, Faraday's principle of induction is nothing moi'e or 
less than this : — That by moving a wire near a magnet, across 
a space in which there ai-e magnetic lines, the motion of the 
-wire, as it cute across those magnetic lines, sete up magnetio 
whirls round the moving wire, or, in other language, generates 
a so-called current of electricity in that wire. Poking a 
magnet t>ole into a loop or circuit of wire also necessaiily 
euerates a momentary cuiTent in tlie wire loop, because it 
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iilai'ily sets up magnetic whirls. In Faraday's language, 
this autioii increases the number of raagnetic lines embiuced 
by the circuit. 

It is, however, necessary that the moving 
conductor shouId,in its motion,9o cut the mag- ♦ 

uetic field as to altertbe number of magnetic | 

lines that pass through the circuit of which 
the moving conductor forms part. Without 
a vai'iation in the magnetic flux that pene- 
trates the circuit there will be no induction. 
An induction will always occurinanycireuit 
when any change in the flux takes place, 
however that change may be produced. If 
a conducting circuit — a wire ring or single 
coil, for example — be moved along in a uni- 
fonn magnetic field, as indicated in Fig. 14, 
so that only the same lines of force pass 
through it, no current will be genemted. Or 
if, again, as in Fig. 15, the coil be moved by 
amotion of translation to another pait of the ^ 

unifoi-m field, as many lines of force will he I 

left behind as are gained in advancing from * 

its lirst to its second position, and there will Fm. 18. 

be no current generated in the coil : the flux Maosetio Whiei. 
of magnetic lines has not varied. If the coil ^''"'"'^J^'^" 

° WiRR CABK^TSO 

be merely rotated on itself round a central Cubren-t 
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axis, like the rim of a flj'-wheel, it will not cut any more lines 
of force than before, and this motion will generate no current. 
But if, as in Fig. 16, the coil be tilted in its motion across the 
uniform field, or rotated round any axis in its own plane, then 




Fig. 15. — CiBCUiT moved wixnoinr cutting any more 

Lines of Force. 

the number of magnetic lines that traverse it will be altered 
and currents will be generated. These cun'ents will flow 
round the ring coil in the right-handed direction (as viewed 





FlO. 10. — ClHCriT MOVKI) so AS TO ALTKH Xl'MIIER OF 

LiNErt OF Force through it. 



by a person looking along the magnetic field in the direction 
in which the magnetic lines run), if the effect of the movement 
is to diminish the number of lines of force that cross the coil; 
they will flow round in the opposite sense if the effect of the 
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moTemt'iit ia to iucrease the iiumber ol intercepted lines of 
force. 

If the nmgnetic field be not a unifoiin one. then the effect 
of taking the coil by iv simple motion of translation from a 
place where the lines of force are dense to a [ilace where they 
are less dense, as from position 1 to position 2 in Fig. 17, will 
be to generate currents. Or. if the motion be to a plat 
where the linesof force run in the reverse direction," the effect 
will be the same, bnt even more powerful. 

lu the process called fiomopolar or " unipolar " induction 
(Chap. XIX.), conductors with sliding contacts move con- 
tinuously through a uniform field ; there being no reversala. 




Fi<i. n.— Motion of CrRCcrr ih Non-Us'iforii Magnktic Field. 

We may now summarize the points under consideration 
and some of their immediate consequences, in the following 
manner ; — 

(1) To induce currents in a conductor there must be 
relative motion between conductor and magnet, of such a 
kind as to alter the number of magnetic lines embraced in or 
enclnsed by the circuit. 

(2) Increase in the number of magnetic lines embraced by 
tlie circuit generates an electromotive-force in the opposite 
sense to that induced by a decrease. 

' AsKiu&Icerof fact, il would beimposailjlcli 
like Fig. 17; forin the Intermediate pan, bctw* 
the magnetic lines would be of curved compiei 



have a magnetic field exactly 
;n the upper and loiver field*, 
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(3) The more powerful the magnet pole or magnetic field, 
the higher will be the electromotive-force generated. ^ 

(4) The more i-apid the motion, the higher will be the 
electromotive-force. 

(5) By joining in series a number of such moving con- 
ductors, the electromotive-forces in the separate parts are 
added together ; hence very high electromotive-forces can be 
obtained by using numerous coils properly connected. 

(6) Since the quantity or strength of the current depends 
on the resistance of the conductors in the circuit, as well as on 
the electromotive-force, all unnecessary resistance should be 
avoided. 

(7) The number of magnetic lines being finite, the process 
of a generating machine in alternately increasing and diminish- 
ing the flux enclosed by the moving conductor must necessarily 
generate currents alternate in direction. 

(8) By using a suitable commutator, all the currents, 
direct or inveree, induced during recession or approach, can 
be turned into the same direction in the wire that goes to 
supply currents to the external circuits ; and if the I'otating 
coils are properly grouped so that before the electromotive 
force in one set has died down another set is coming into 
action, then it will be possible, by using an appropriate com- 
mutator, to combine their separate cun^ents into one practically 
uniform continuous current. 

(9) As induction depends upon the relative motion of 
conductor and magnetic lines, it is a mere question of 
mechanical convenience whether the magnet be stationary 
while the copper conductor moves, or whether the conductor 
is fixed while the magnet moves. 

(10) To the conductor which is generating the electro- 
motive-force by cutting the magnetic lines, it makes no 
difference what the origin of those lines is, whether from 
a permanent magnet of steel or from an electromagnet, 
provided the number of magnetic lines so cut is the 
same. 

(11) To the moving conductor it makes no difiEerence 
what the origin of the motion is. Whether the motion be due 



Physical Theory of Dynamo-Elccfrk Machines. 31 

to a steam-eijgiue, or to a gas-engine, or to hand-driving, or 
to driving by means of an electric euri'eiit in the wire itself 
(as in the case of electric motors), it makes no difference to 
the moving conductor, which, provided the Bpeed and the 
iiumbcr of magnetic lines to he cut are given, will generate 
the same electromotive-force. 

To make more clear t!ie considerationa which will occupy 
us when discussing individual types of dynamo, we will fii-st 
examine some fundamental points in tlie general mechanism 
and design of dynamo machines. ^Ve will deal with the 
various matters in order, beginning with the various oi'gtins or 
parts of the maclilne. Having discussed these, we take up 
the nature of the processes that go on in the machine when it 
is at work, the action of the magnetic field on the rotating 
armature, the reactions of tiie armature upon the field in 
which it rotates. We must then enter upon the magnetic 
part of the subject, and discuss tlie magnetic pi-opei-ties of 
iron so far as is needed for the pmiJOse of dynamo design. 
We shall then consider the design of field-magnets, and the 
design and construction of armatures. 



OuGAKS OP Dysamo-Electric Machis&s. 



The simplest conceivable tlynamo is that sketched in 
Fig. 18, conaistingof asingle rectangular loop of wirerotating 
in a simple and uniform magnetic field between the poles of a 
large magnet. If the loop be placed at first in the vertical 
plane, the number of lines tliat pass through it from right to 
left will be a maximum, and as it is turned into the horizontal 
position the numljer dimiuisliea to zero; but on continuing 
the rotation the lines begin again to penetrate the loop from 
the opposite side, so that there is a negative maximum when 
the loop has been turned through 180°. During the half- 
revolntion, therefore, currents will have been induced in tlie 
loop, and these currents will be in the direction from back to 
front in the part of the loop which is rising on the left, and i n 
the opposite direction, namely, from front to back, in that 
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part which is descending on the right. On passing the 180** 
position, there will begin an induction in the first sense, for now 
the number of negative lines of force is diminishing, which is 
equivalent to a positive increase in the number of lines of 
force : and this increase would go on until the loop reached 
its original position, having made one complete turn. If, 
then, to each end of the loop there were separately attached 
a metal collar on the shaft, and on each collar there pressed 
a spring, wires connected to these springs would convey an 
alternating current to the circuit. If, however, it is desired to 
adapt the apparatus to furnish a continuous current, a special 
adjunct must be added. 

To commute these alternately-directed currents into one 
direction in the external circuit, there must be applied a 

I commutator consisting 

of a metal tube slit into 
two parts, and mounted 
on a cylinder of hard 
wood or other suitable 
insulating material ; 
. each half being con- 
nected to one end of 
Fig. 18.— Ideal Sdiple Dynamo. the loop, as indicated 

in Fig. 18. Against this 
commutator press a couple of metallic springs or " brushes " 
(Fig. 19), which lead away the currents to the main circuit. 
It is obvious that if the brushes are so set that the one part 
of the split tube slides out of contact, and the other part 
slides into contact with tlie brush, at the moment when the 
looj) i^asses through the positions when the induction reverses 
itself, the alternate currents induced in the loop will be 
" commuted " into one direction through the circuit. We 
should expect, therefore, the brushes to be set so that the 
commutation shall take place exactly as the loop passes 
through the vertical position. In practice, however, it is 
found that a slight forward lead must be given to the 
brushes, for reasons which will presently appear. • In Fig. 20 
Arfi shown the brushes B B', displaced so as to touch the 
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commutator not exactly at Uie highest and lowest points, 
but Ht points displaced in the direction of the line D D, 
which is called the "diameter of commutation." The 
argument is in no wise changed if for the single ideal loop 
we substitute, aa proposed hy Sturgeon in 18S5, the simple 
rectangular coil represented in Fig. 21, consisting of many 




Tto. 19.— Two-part 

COltJCUTATOR. 

turns of wire, iu each of which as imultaneous inductive action 
is going on, making the total induced electromotive-force 
proportionately greater. This foi'm, with the addition of an 
iron core, is indeed, the form given to armatures in 1856 by 
Siemens, whose shuttje-wound animture is represented in 
section in Fig. 22. A small magneto-electric machine of the 





old pattern, having the shuttle-wound armature 19 siiown in 
Fig. 28. Though this form has now for miny jcira been 
abandoned, save for small motors and similni woik, it ga^e a 
great impetus to the machines of its day , but for all large 
work it has been entirely superseded by the riug armatures 
and drum ai'matui'es presently to be described. 




a comparatirely simple and massive electromagnet; whilst 

, the armature, which is a more complex structure, is the 

■JfOrtion which rotates. In alteriiute-cuiTent machiues the 

tflehl-magnet is usually multipolarr and in the majonty of 

I eascit IB stationary, whilst the armature rotates ; nevertheless 

there are many altevnators of recent pattern in which the 

Armature stands still and the field-magnet rotates. The 

criterion as to which portion is properly called " field 

Tiignct," iitid wliitli " armature," is not the question of i-ota- 
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tioii or otherwise. The iiiime of field-magnet ia properly 
given to that jjart which, whether stationary or revolviag, 
luaiatains its magnetism steady during the revolution ; and 
Ihe name armature ia properly given to that part which, 
whether revolvinij or fixed, has its magnetism changed in a 
regularly repeated fashion when the machine is in motion. In 
■.\ generator the armature is that part which is connected in 
rireuit with the dii^trihuting mains and gives currenttothem. 
In a motor the armature is that part which receives the 
currents from the mains. In the case of continuous-current 
juaciiines there ia another feature of fii-st importimee, namely, 
the apparatus for collecting tlie currents from the revolving 
aniiature. This appamtus consists of two essential parts: 
tlie commutator (_or collector) attached to the armature and 
revolving with it, and the brushes. The latter, which are 
conducting contact pieces held pressed against the surface of 
the TOtating commutator, are provided with special brush- 
holiiers mounted upon an adjustable frame or rocker. 

In the case of alternate-cun-ent machines there is no need 
of a commutator; but, in general, these macliines have to be 
(■rovided with some device for making a sliding connection, 
For in those fomis in which tlie armature rotates, its coils 
must be brought into continuous metallic relation with the 
conductors of the main circuit; and in those forms in which 
tlie armature is stationary and no such ari-angement is needed 
at tliat pai-t, there must still he sliding contacts to maintain 
tlje coils of the revolving field-magnet part in continuous 
metallic connection with the auxiliary exciting circuit. In 
either case the appropriate device consists of a pair of slip- 
rintfi, against eiich of which a hru»h presses. 

In addition to the electrical and magnetic features enume- 
rated above, there are certain purely mechanical features 
which need to he considered. The revolving part must be 
mounted on an appropriate ipindle or ghaft, the design of 
which is a matter of mechanical engineering. To transmit 
the power from the spindle to the revolving conductors of the 
armature there are required driving attachmentt properly 
secured to the spindle. The spindle itself must be supported 
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:n it^Z»aUi hmtriMgm, ami be pnvJied with htBriatttn loseCQie 
(yy,i TTUining'- Ti rfajeive aie power fmni she -^gF"* a prntlef 
m:ui: r* pnvJisiL anviss* die lijnanio is co be 'iriren direct 
bj a friHfl.en'j brita an. ^o^lne nujonud oa che stme bed-pUte. 
LmUj, the wtioie dynamo m.a;«t be eiecud npaxi an ^^n>- 
priate Kd-piir^, wbhA in. some >:a»e9 ia puiced opoo nnZj;, 
40 that ic maT be fhifzed ctoed dme Co dme bj the aid of 
ti^cemog screws. a« :be bete gmws slack. 

In th« «>n9ideiacioD» irbiob fiiili^tr. acboitioiki will be eaa- 
eentrated npon drnamas £or geueraciii^ eoadnaoas curreiite, 
tbe Tarioaa organs of wbicb wiK be dolr considered. The 
deaign of altemaCe-coirent machines will be discussed in & 
later chapter. 

AEMAXrEES. 

Retnming to the itieal simple loop, we mar exhibit it in 
its relation to the 2-part commoucor somewhat more clearly 
by referring to Fig. 24. The same split-mbe or 2-paTt 
comraatator will »affice if a loop of two or more turns be 
sabetitated, as shown in Fig. ih, for the single turn. 




Flo. 24.— SDfPLs Loop Fio. 25. 
Akmatckk. 

TCBXS. 



Fia. 86.- 
Two AaxATUsx 

ONE Coo. 



But we may suhtititate also for the one loop a small coil 
consisting of several turns wound upon an iron ring. This 
coil (Fig. 26), which may be considered as one section of a 
Pticinotti or Gramme ring, will be penetrated by magnetic 
lines as the loop was. In the position drawn, it occupies the 
bighont ]>oint of its path, and the flnz of magnetic lines 
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tlirough it will be a maximum. As it turos, the iiumlier of 
lines that penetrate it will diminish, and become zero when it 
is at 90° from it3 original position. But a little consideration 
of its action wiU suffice to show that if another coil be placed 
at the opposite side of the ring it will be perforraingan exactly 
similar iiiductive action at the same moment, and may there- 
fore be connected to the same commutator. If these two coils 
are united in parallel, as shown in Fig, 27. the joint electro- 
motive force will be the same as that due to either sepamteiy ; 
but the resistance offered to the current by the two jointly is 
half that of either. It is evident that we may connect two 
parallel loops in a similar fashion to one simple 2-part col- 
lector. If the two loops ai-e of one turn each, we shall have 




Fio. 27.— SiMPLK Ring Arma- 
TTRK WITH Two Coils in 




18.— SntPLB Loop Arma- 
TUKE WITH Tvk-o Coils in 
Pakallei.. 



the airangement sketched in Fig. 28 ; but the method of 
connecting is equally good for loops consisting of many turns 
each. 

Now, with all these arrangements involving the use of a 
2-part commutator, whether there be one circuit only or two 
circuits in parallel in the coils attached thereto, there is the 
disadvantage that the currents, tliougli commutated into one 
direction, are not absolutely continuous. In any single coil 
without a commutator there would be generated, in suc- 
cessive revolutions, currents whose variations may be graphi- 
cally expressed by a recurring sinusoidal curve, such as Fig. 29. 
But if by the addition of a simple aplitrtube commutator the 
alternate halves of these currents are reversed, bo as to rectify 
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their direcdoa thiongiL che resc of the ciienit, tfae resoltaot 
nmrenu. thoogii not coacmaoas. will be o£ one sign only, as 
shown in FI^. 3>). there being two coireats geoeiated daring 
«ach revolatioa of che coLL The coiieats ue now - tectified," 



or ~ redreaae<i.~ as oar coadnencal nei^hbois sar, bat are not 
strictly coDQnaoiLi. To ^lTs •mUimwitg to the cnrreDts, n'e 
mmt adT^nee from the simple f-fan oommatator to a form 
baring a larger nomber of parta. anil emplor therewith a 
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larger ntimber of coiLi. The coiLi must also be so arranged 
that one set comes into action while the other i:i going out of 
action. Accordingly, if we Sx apatn our iron ring two sets of 
eoiU at right angles to each other's planes, as in Fig. 31, so 
that one comes into the position of best 
action while the other is in the position 
of least action lone being parallel to the 
magnetic lines when the other is normal 
> to themV, and their actions be super- 
I posed, the result will be, as shown in 
Fig. 32, to give a current which is con- 
tinuous, but not steady,haying four slight 
undulations perrevolution. If any larger 
number of separate coils are used, and 
their effects, occurring at regular inter- 
vals, be superposed, a similar curve will 
be obtained, but with summits proportionately more numerous 
and le»«s elevated. When the nomber of coils used is very 
great, and the overtappings of the curves are still more com- 
*«, the row of summits will form practically a straight lino* 




FlO, 31.— FOCB-PABI 

Ri^o abxatcbe 
(Closed Con.). 
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or the whole current will be practically constant. Aa 1 
arranged in Fig. 31, the four coils are iiil united together I 
in a doted circuit, the end of the first being united to the ( 
beginning of the second, and so forth all round, the hist 
section closing in to the first. In order to obtain greater 
uniformity of effect, the coils on the armature ought to be 



FlO. 33.— CUUVE OF COSTlNL-l 



N-UMFOR.M CURltENT. 



divided into a veiy large number of sections (see Chap. IX.), 

which come in regular succession into the position o£ 

maximum effect at regular intervals one after the other. 

In Fig. 33 a sketch is given of a drum armature wound 

with two pairs of coils at right angles one to the other, and 

connected to a 4-part commutator, A little examinatioa 

of Figs. 31 and 33 will show 

that each section of the colls is 

connected to the next in order 

to it ; the wliole of the windings 

constituting, tlierefore, a single 

closed coil. Also, the end of 

one section and the beginning *^ 

of the next are both connected i 

with a segment of the enmniu- 

tator. In practice, the connnu- 

tator segments are not mere 

slices of metal tubing, but are 

built up of a number of panillel 

bars of copper, gun-metal, or phosphor-bronze, such as may 

be seen in Fig. 36, p. 42, placed i-ound tlie periphery of 1 

cylinder of some insulating substance. It will also be noticed 

that, owing to the fact that there is a continuous circuit all 

round, there are two ways in which the cuiTent may flow 

througli the armature from one brush to the other, as in all 

the ring and drum armatures; of which, indeed. Figs. 31 




Fio. 93.— FoDR-PAKT Drum 
Armature (Closed Coil.) 
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and 33 may be taken as simplified instances. The sama 
reasoning now applied to 4-part armatures holds good for 
those having a still larger number of parts,' such as is 
shown in Fig. 34. Of these more will be said in the sub- 
sequent chapters. Let it suffice to say here that in closed- 
coil armatures, whether of the " ring " or the " drum " type, 
there are usually as many segments to the commutator as 
there are sectiont or groups of coils in the circuit of the arma- 
ture. The special case of open-anl armaturea is considered 
in Chapter XVIII. In machines of this type the separate 
eoils are not connected up together in series, and a special 




form of commutator is used instesid of the usual arrangement 
of a large number of parallel bai-s. 

So far, the only types of armature considered have been 
the " drum " type and the " ring " type ; but these are not the 
only possible cases. The object of all such combinations 
of coils is to obtain the practical continuity and equability 
of current explained above. To attain this end it is needful 
that some of the individual coils should be moving through 
the position of maximum action, whilst others are passing 
through the neutral point, and are temporarily idle. A 
symmetrical arrangement of the individual coils or groups 
of coils around an axis may take one of the four following 
types : — 

(1) Rwff armatures, in which the coils are grouped upon 
a ring whose principal axis of symmetry is its axis of rotation 
also. 
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( 2) Ihum armaturei, in which the coila are wound longi- 
tudinnlly over tlie surface of a drum or cylinder. 

(^3) Pole armatures, having coila wound on separate poles 
projecting radialiv all raund the periphery of a disk or central 
hub. 

{■i) Disk armatures, in whicli the cfiils are flattened into a 
dLsk. 

The ingenuity of inventors has been exercised cliiefly in 
three directions :^The securing of practical continuity, the 
avoidance of eddy currents in the cores, and the reduction 
of useless resistance. Most inventors have been content to 
secui'e approximate continuity by making the number of 
sections numerous. Facinotti's early dynamo had the coils 
wound between projecting teeth upon an iron ring. Gramme 
preferred that the coils should be wound round the entire 
surface of the annular irpn core. To prevent wasteful eddy 
currents in the core, he constructed it of varnished iron wire. 
For ring cores flat coi'e-disks of sheet iron are now almost 
universally preferred. For discoidal ring armatures the core 
is built of hoops. In ring armatures the parts of the copper 
coils which pass tlirough the interior of the ring are in- 
operative in cutting magnetic lines, unless there are pole-piecea 
of the field-magnet projecting internally. Hence, in the 
ordinary forms of dynamo with exterior magnets, the inner 
parts of the ring winding act merely as conductora and not 
as inductoi's, and offer a certain amount of wasteful resists 
auce. But this resistance in well-<tesigned machines is in- 
significant compared with that of the extenial circuit; and 
the disadvantage is lai^ely imaginary. Inventors have essayed 
to reduce the amount of copper, by either fitling projecting 
flanges to the pole-pieces, or by using internal magnets, 1 
else by flattening the ring into a disk form, so as to reduce 
the interior parti of the ring coils into an insignificant amount. 
Indeed, the flat-ring armatures may be said to present a 
distinct type from those in which the ring tends to the 
cylindrical form. In some large German dynamos of recent 
tyi* the ring is outside the field-magnets, so that the outer 
part of the windings are non-inductive or idle ; and the 
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ttt winding or joining the copper condactors liAve been devised 

by many invenlom. A complete drum armalare is depicted 

in Fig. 36. which abows the overlapping of ihe wiudings at 

id of the drain, the connections to the commutator, 




Ita. 87.— Smple Pole Armatuke showisq Connections. 

The principle of Lontin'3 machines, in which the coils are 
connected like the sections of a Pacinntti or Gramme Hng, is 
indicated in Fig. 37. Here 
the diameter of commuta- 
tion is parallel to the polar 
diameter, because the num- 
ber of magnetic lines in 
this cnse is a maximum in 
the coils that are in the 
right and left positions. 
This is not a convenient 
construction of avniature 
for continnous-current ma- 
chines ; for it does not 
admit of the winding being 
divided into a sufficiently 
numerous set of sections, 
and the self-induction in 
each section is too great. 

IHsk armatures are now 
differentiated into two 
kinds : (1) those in which the coils aregi-ouped on a numlier 
of nmall bobbins, side hy side, an armngement suitable for 




■jo. 38.— Disk Armature of 

Desrohers' Machike. 
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alternate-current machiDeSf such as those of Siemens, Fen-anti, 
and Mordey ; (2) those in which the windings are made to 
overlap over a considerable angle of the peripher}*, as in the 
disk dynamos of Pacinotti, of Desrouers, and of Fritscbe, all 
of which are adapted to give continuous currents. It is usual 
in the disk form of armature^ to dispense with any iron 
core ; for the armature, being thin, can be inserted in a 
comparatively narrow gap between the polar surfaces of the 
field magnet. A disk armature is shown in Fig. 38, belong- 
ing to a Desroziers machine. 

Armature Cores. 

Whenever iron is employed in armatures, it must be slit or 
laminated, so as to prevent the generation of parasitic eddy- 
currents. Such iron cores should be structurally divided in 
planes normal to the circuits round which electromotive-force 
is induced ; or should be divided in planes parallel to the 
magnetic flux and to the direction of the motion. Thus, 
drum armature cores should be built of disks of thin sheet 
iron. Ring armatures, if of the cylindrical or elongated type, 
should have cores made up of rings stamped out of sheet iron 
and clamped together side by side ; but if of the flat ring type 
they should be built of concentric hoops. Cores built up of 
varnished iron wire, or thin disks of sheet iron separated by 
varnish, asbestos paper, or mica, partially realize the required 
condition. The magnetic discontinuity of wire cores is, 
however, to a certain extent disadvantageous ; it is better that 
the iron should be without discontinuity in the direction in 
which it is to be magnetized. It should, therefore, be 
laminated into sheets, rather than subdivided into wires. 
Cores of solid iron are quite inadmissible, as currents are 
generated in them and heat them. Cores of solid metal other 
than iron — for example, of gun-metal or of phosphor-bronze — 
fihould on no account be used in any armature. 
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FUSDAMESTAL PoiNTS IN DESIGN. 

As bas already been pointed out, the function of the field 
magnet is to provide a large number of magnetic lines, whilst 
the function of the armature is to cut the magnetic tines 80 
pi-ovided. The iron core inside the aimature may be regarded, 
therefore, as belonging to the magnetic circuit of the field 
magnet ; the true armature consisting of the rotating copper 
conductors. There is no electrical necessity for the iron core 
inside the armature to rotate ; indeed, in some ways it would 
act more efficiently if it did not. But purely mechanical 
considerations require that in both ring aimatures and drum 
armatures the core should rotate with the coils. In all 
dynamos the electromolive-foree is pi-oportional at every 
instant to the rate at which the magnetic lines are being cut, 
and tliis will again be proportional to three quantities : (1) the 
number of magnetic lines provided by the field magnet; 
|2) the number of copper conductor connected together upon 
the armature: (3|the speed at which these conductors are 
driven. In alternate current dynamos tlie I'ate of cutting la 
continually changing in a regular periodicity ; in continuous- 
cuiTent machines the rate of cutting is automatically averaged 
and made steady by the method of grouping the conductors 
around the ring or drum in a closed cireuit, and connecting to 
the commutator, it is shown later, on p. 171, that, for con,- 
tinuous-current dynamos of the common two-pole type, the 
electromotive- fore e generated in the revolving armature may 
be calculated a^ follows : 

Let the speed of the armature, or revolutions pvr »fcofn1, he 
called n. 

Let the number of conductors that are joined in series with 
one another around the armature be called Z. 

Let the number of magnetic lines which pass threugh the 
armature core from side to side be called \^. 

Let the number of volts of electromotive-force generated 
by the rotating annatiay W'. called E. 
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ff»c i.r»9fr ;» he '>s2iiicut!>i*£ -^^iiie iiiizr:«I:ii:d^a of cv^ additional 
£ki!:''.n. Soca inai:iii3Ji» ir«r nKcwIj nniT^fgiatfir, and if ^ 
r«i^cr*«Kis» iLft 3iae!i>^^: ixt ir^iin»i laT eoe of tbe indiridual 
tts<^r=^t^ e^i^iLTiiw iiiAt :>:Gftl anurK^^* *^<icc m.ias( be incieased 
iy tEiz'.zvzljr=^ hj ZZA aTTnaer » -it ztti=» vc ma^^xietic poles 
iLatz ^:zr:rjfizd zijt JLrsuvcjir^^ FinLif r. a eoosxazit it mast be 
itAf-.TuA, tLi rLoaxfi-ri.r.il tiI^ii* oc '»^hi«;2i » Tarriiig from 1-1 to 
2-5 Izt airtaal m;^Lir.r* ^ •i*c«l•i^^ on ice n^I^dTe breadths of 
tb^ c<^ ac,d pote-piecei emrLoTrii. Tbe genesal formula for 
five Tolt* gcfueraced in anj Alienufcie^xirreELS machine will then 
be:— 



EznmftU,^\iL or* of KAzr'* *::«i:a:.:c». *= ♦;J:p = «: Z= 1190; 
N - I.2r//.«Xii>, »i>rn nnaiTur a: *?:•> re^^ E«r mlii. : so that ■ = ll-ft. 

From the above formuLae ic will be seen that th^ electro- 
motive-force at which anv dvnamo is to deliver its current 
Lh the pro<luct of three factor>> i and it can be increased by 
ificrea«ing any one of the three, or all of them. In a given 
mar;hine Z is a constant, and N^ the magnetic flux, cannot 
\Ai irir:nra.sed Ijeyond the capacity of the iron core to carry 
fri?i;(netic lines. But if it is desired to design a new machine^ 
ohvioiinly any value might be assigned to any of the three 
f;u't/>r^, proviiled the product came to the required amount. 
It in, tlnrrcifore, a question of expediency whether in so design- 
ing a ffiJUjliine we will increase any one of the factors rather 
than any other. To increase N means using a larger cross 
mu'Wim of iron, and a correspondingly big field-magnet, and 
tlM^nifonj involves additional cost of iron. To increase Z 
wwwun inrrcjining tlie weight, and therefore the cost of the 
I'liiifior condurtorH ; for the section of these depends on tho 
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curreiit they have to carry, whilst tlie electromoti\e-foj-ce 
generated dependa on their number, and on the i-ate at which 
they cut the magnetic lines. Moreover, experience shows 
that thus increasing the quantity of copper upon an nrniature 
core of given size involves, when once a ceititin limit i 
reached, the very serious difficulty that tho niachine cannot be 
run without sparking at its brushes. To increase the speed n 
involves mechanical difficulties about lubrication and liability 
of the parts to fiy out ; in fact, mechanical considerations 
Umit the speed. For many yeais modern practice has gone 
in the direction of keeping the speed slow, and in keeping 
down the relative amount of copper, tbequantity of iron being 
relatively large ; for not only so is the total cost of the 
machine less than it would bo if the relative amounts of 
copper and iron were revereed, but the expense and trouble 
of maintenance is found to be less. Machines witli a 
relatively massive and powerful field-magnet spark less, re- 
quire leas attention to regulation and need fewer renewals of 
the brushes and commutator than do those which have a cc 
paratively weak field-magnet. Of late there lias been some 
tendency, however, to a movement in the opposite direction, 
because if, by special designing, witlioutsacrificing the advan- 
tages attained in the possession of a relatively powerful 
field-magnet, the speed and the weight of co])per on the 
armature can be increased, the output of such a mauhine will 
be proportionally augmented at a small increase of total weight 
and total prime cost. 



Methods of Exciting the Fielo Magnetism. 

The five simple methods of exciting the magnetism that is 
to be utilized in the magnetic field may be grouped under two 
heads, according to wbetlierthe armature of the machine sup- 
plies the machine's own magnetism or whether the magnetism 
is provided for from some other source. 

Magneto-difnamo. — In the oldest machines there was 
attempt to make the machine excite its own magnetism, which 
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was proTided for it once for all br the employment of a 
permanent magnet of steeL Unfortunately, the supposed 
permanent magnetism of steel magnets slowly decays, and is 
diminished by erery mechanical shock or vibration to which 
the machine is subjected. 

The magneto-tleetrie machine or w%a^net<hdynamOj a diagram- 
matic drawing of which is given in Fig. 39, surrires, indeed, 

in numerous small types of 
machines. It has the serious 
disadvantage of being both 
heavier and bulkier than other 
dynamos of equal capacity, be- 
cause steel cannot be perma- 
nently magnetized to the same 
high degree as that to which 
wrought iron or cast iron, or 
even steel itself, can be tem- 
porarily raised. 

Sepa rately-excitedDynamo. — 
It was an obvious step to sub- 
stitute for steel magnets, elec- 
tro-magnets excited by means of 
currents from some independent 
source such as a voltaic battery. 
The Beparateljf^xcited dynamo 
(Fig. 40) comes therefore second 
in the order of development. 

no. 39.-THE MAONirro-DYNAMo. Though used by Faraday, this 

method did not come iuto ac- 
ceptance until, in 1866, Wilde employed a small auxiliary 
magneto machine to furnish currents to excite the field 
magnets of a larger dynamo. The separately-excited dynamo, 
in common with the magneto machine, possesses the property 
that, saving for armature reactions, the magnetism in its field, 
and therefore the total electromotive-force of the machine, is 
independent of changes of resistance going on in the external 
circuit. 

The dynamos of either of the preceding kinds can be 
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governed in three different ways : by altering the speed, by- 
putting the brushes forward beyond the neutral x>oint, or by 
Altering the magnetic flux through the armature. For long it 
has been the fashion to control the electromotive-force of 
magneto machines by the device of providing a movable 
piece of iron, whii.'li could be placed more or less over the 
poles of the field-magnet, serving as a magnetic shunt to 
divert some of the magnetism from the armature. In the case 
of separately-excited 
machines tliere are 
two other methods of 
diminisliing at will 
the effective magnet- 
ism, namely by weak- 
ening theexc'itingcur- 
rent, for example, by 
introducing less resis- 
tance into the exciting 
circuit, or. by altering 
the number nf turns 
of wire thi'ough which 
the existing current 
circulates ai'Oiind the 
field-magnet. 

The elementary 
melhods of making 
dynamos self-excitiiig 

are iJiree in number: (I) the wlwle current from the arma- 
ture may be carried through lield-magnet coils that are con- 
nected in series with the main circuit ; (2) a portion of the 
oun-ent from the armatui-e may be diverted from the main cii^ 
cnit and caixied through field-magnet coils of somewhat high 
resistance connected as a shunt; (3) the current required to 
excite the lield-magnet may be procured either from a second 
armature revolving in the same field, or (if the armature con- 
sists of many coils) from some of tlie coils of the armature 
that may be separately joined up for that purpose. 

Heriet Dynamo. — The series-woiuid, or or<Iinary dynamo 
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the armtiture. These coils are connected to tbe brushes of 
the machiae, and constitute a by-pass cii'cuit oi'shunt. Shunt 
mtichiDes are le^is liable to revei^e their polarity than e 
machines. Owing to the somewhat greater cost of the fine 
wire of the shimt coil, they are slightly dearer iii prime cost 
than series machines of equal power, but the expenditure of 
electric energy to keep up the magnetism ia alike in botli 
cases. It requires the same ex])eii(!itiire of electric energy to 
magnetize an elacti-omag- 
net to the same degree, 
whether the coil consists of 
many turns of tliin wire 
or of a few turns of thick 
wire, provided the weight 
of copper used in the coil 
be alike in the two cases. 
When a shunt machine is 
Bnpplyiiig lamps in paralkd, 
the addition of lamps which 
brings down the nett re- 
sistance of tlie circuit will 
increase the current, but 
not proportionally, for 
when the resistance of the 
main circuit is lowered, a 
little less cun-ent goes 
lound the shunt and the 

magnetism drops a trifle ; nevertheless, such a machine ni.iy 
regulate itself tolerably well if tlie internal resistance of its 
armature is very small. For a set of lamps in series, the 
power of a shunt dynamo to supply the needful current in- 
creases with the demands of the circuit, since any added re- 
Histance sends additional current round llie shunt in which 
the field-magnets are placed, and so makes the magnetic field 
more intense. The electromotive-force of the shunt machine 
can be controlled by introducing a variable resistance into 
the shunt circuit. 
A variety of the shunt method involves the use of a iHrd 
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Htim, niiMxi i^unac liu! jnnuiunacar ac some point iDter^ 
mitiiimit ixcwiKa die gtiinta -ic Higiiesc ami lawiut potential. 
Tat^-«uiH -.z 'jte -trjisiag mil ore iionnecCBl go the third brush 
<uui ji ocK ot out ■>riLaa77 bmiiaes. «> uuu the exeitiiig coil 
PKttiTHi % frsi^ciia -.c zhe ^Is gsunaed in the amuture. 

.'^^iT'ir^-rir-vir S^!f-^.xiririiuj DymoHu. — Then* Ls ret a 
third 4C«tUi!s ' Fi^. -(4 • ic jeLi-Mjl:siig muchtne. ia vhich the 
SAiiirina^BtK 'V-Ca m irraB^zvd u torm pan of a circuit 
ecorelr aepsrate from 
the main tireuit. hot are 
Hipplied with currents 
from coils rotating in 
the QeLL There are two 
wujs of carry iug this 
into effect : (1) a second 
ansAnue mar be made 
to rotate between the 
janw field-magnets in 
otder to snpplj the 
exciting current, each 
aimatnie baring its own 
commutator ; (2) a few 
of the armature coils 
may be connected up 
separately to a special 
conunutator to supply 
an exciting current. 
Holmes, about the year 
'iHffH, described a machine having twenty helices in the 
armature, ten of which supplied alternate currents to the 
liiriifis, whilst the remaining ten. or any part of them, could 
Ui HO cjnnected up through a special commutator as to 
Hiipply theexciting current to the field m^^ets. Ruhmkorff 
attiiiij'^'l the same end by Minding a second wire upon the 
Hip!nu:\m Cshnttle- wound) armature, which then was provided 
Willi a comftiutator at each end. The effect of the separate- 
coil tnelliod r)f excitation is almost identical with that of the 
ihiiiit method, hut it has the advantage that thecurrent thus 
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taken off for magnetizing may be taken at a low voltage; 
this being preferable in the case of machines for high voltages. 
For machines working at 1000 volts and over, the coat of the 
fine wire for winding a sliunt would be prohibitive. 

Any of the five syatems enumerated may be applied i: 
con tinao US-current machines. For alternate-current machiueH, 
neither series-winding nor shunt^winding is applicable. Each 
of these five systems of exciting the field magnetism has its 
own merit for special cases, but none of them ia perfect. Not 
one of these methods ' will ensure that, with a un if onn speed 
of driving, either the electric pressure at the teiminals or the 
current shall be constant, however the resistances of the 
circuit are altered. 

If all the lamps in the circuit of a dynamo were required 
to be kept alight, all being turned on and turned off at once 
— in other words, if the output of the machine were constant 
— it would matter little Iiow the magnetism of the field-mag- 
net was excited whether in main circuitor in shunt, provided 
the speed were kept constant. But for systems with a v 
able number of lamps, none of the simple methods of excita- 
tion enumerated above will insure regularity of pressure i: 
the electric supply. 

Thanks, however, to the invention of combinations of 
windings, machines can be made which, when driven a 
constant speed, give out their current at a constant pressui'e. 
These methods aie carefully developed in Chapter XI. 
They are briefly described here also, so as to complete our 
summary of the methods of exciting the field-magnets. 



Combination Methods. 



There are two distinct cases for which self-regulation is 
reqnired. 

As the function of a dynamo is to feed with sufficiency 
and regularity a system of lamps, and as those lamps ( 

> An eict^ption exists In (he case of a all mil- wound machine ir provUled 
with Kaycrs' Bpecfnl derice for enabling tlii> bnislica lo be ect ultli a l>i 
ward lead. See Chapter XVI. on dynamo ilcsiga, 
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usually in practice ^ arranged either in parallel or in series, it 
is clear that in the former case a amMtcaU electric preMfure or 
differeiice of poteMtialM between the mains> and in the latter a 
constant current is required. 

Suppose a dynamo to have an armature of zero internal 
resistance, without demagnetizing reactions, and to have its 
tield-magnets excited from some independent constant source. 
At a constant speed it would give a constant potential at its 
terminals whatever the resistance in the circuit. But if it 
has internal resistance, the external pressure will be less than 
the whole electromotive-force, and the discrepancy will be 
greater according as the internal resistance and the current 
are greater. Any resistanceless, separately-excited, or shunt 
dynamo would thus be self-regulating. The drop in the 
volts due to internal resistance and to armature reaction is 
nearly proportional to the current taken from the machine, 
being large when the current is large, and small when the 
current is smalL Hence we may arrange to compensate 
these effects by an increase of the magnetism that shall 
also be proportional to the current. This is done by winding 
on the field magnet a few turns of thick wire to carry the 
current on its way from the armature to the lamps. It will 
then give, within certain limits, a constant difference of 
potentials at its terminals. For distribution at a constant 
pressure^ we must have, therefore, dynamos in which there is 
a combination of series coils with some auxiliary independent 
constant excitation. 

It has been hitherto found impracticable to devise any 
mode of compound winding which will be self -regulating for 
a constant cuirent. Other modes of regulation are resorted 
to ill the case of machines for series arc lighting for which 
an unvarying current is needed. These are considered in 
Chapters XVIII. and XXIX. 

1 Occasionally incandescent lamps are arranged with two, three or more 
lamps in series, a number of such series being united in parallel across 
mains tliat are kept at a constant pressure. Less frequently a few lamps all 
in parallel witli one another are inserted in the circuit of a series of arc 
l^mps through which a current of constant strength is maintained. In any 
I, distribution must fall under one or other of the two cases considered. 



Combinations to gite Constant Pkessuee. 



The foUowiug combinations are all possible solutions of 
the problem of giving current at a constant pressure : — 

(1) fierifs and Separate (Deprez). — A separate and con- 
stant excitation is provided from some independent source) 
!>o as to bring up the volts on open circuit to the required 
pressure- The ad- 
ditional excitation 
needed to raise the 
magnetism, so as 
to compensate the 
lost volts and the 
armature reaction, 
is provided by an 
additionnl series 
winding, as indi- 
cated in Fig. 44. 

(2) Series and 
Magneto (Perrj). 
— The initial ex- 
citation may be 
that of a perma- 
nent 'magnet of 
steel: but Profes- 
sor Peny sugges- 
ted the more gen- 
eral solution of inti-oducing into the circuit of aseries dynamo 
a separate magneto machine also driven at a uniform speed, 
such that it produces in the circuit a constant electromotive 
force equal to tlie pressure which it is desii-ed should exist 
between tJie leading and return mains. The series machine 
only operates to give the additional volts needed for compen- 
sating the losses. 

The combination of a permanent magnet with electro- 
magnets in one and the same machine, is much older than the 
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■ill dec<e&d npcm the 
lo vliich the 
is excited 
viLezL die shunt is acting 
aloce OQ <^n circuit 
Tbe arrangement with 
shunt azxd series coils is 
commoalT known as a 
'yymp'jmwd winding? 
k\) &ri^s and Long 
Shunt. — In I'^^'l the A;itht?r prnpci5e<l to give this name to 
a combin;i:Ioa oloeelj resembling the preceding. If the 
ma^ets are exciral p^iirtl v in series* bat also partly by coils 
of tine wire, connected as a shunt not aorotss the brushes but 

' Th#i ^h:int part of ihe circa::. otijiiiallT called the "leader," wms adopted 
ar fir»t in roairhines for electropUrin^ wiih the view of prerentinga reversal 
of *\if, rntrtinl bj an inversion of the magnetixarion of the field-magnets, but 
w%H r^rain^l in »ome other patterns of machine on account of its usefulness 
iri " ^ff'j^lyiu:;" the current. 

^ T)^H invention of the ''series and shunt ** winding is claimed for several 
ri vaj^. Bnish undoubtedly first used it commercial! v, but whether with any 
k fifrv]f/]fiti of all its advantages is doubtful. It has also been claimed by Mr. & 
A . V'Ar]*:y on the strength of the machine described in his patent specification, 
\o. Vifh,trf I ^7^1, In which there were two circuits, of different resistance, both 

^viri;^' oiU wound on the field-magnets, and both going to the lamp. He has 

in\ ri/'l a d^'Ciklon In the law courts that this strange arrangement anticipated 
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across the terminals of the external circuity then the pressure 
at the terminals should be still more constant. 

(5) Series and Separate-coiL — This method is not much 
used. For alternate-current dynamos a modification of it 
had been used with success, the ^^ series " or main-circuit 
excitation being, in this case, replaced by an excitation 
derived from the main current by means of a small trans- 
former, and rectified by a commutator. 

that described by Brush. Compound winding was, however, described in 
1871 by Sinsteden, in Pogg. AnncUen (Supplement Band, v). 651. It was 
mentioned as having some advantages by Sir C. W. Siemens in Philosophical 
Transactions, March 1880. It is also claimed for Lauclsert (see note by M. 
Boistel, p. 100 of his translation of first edition of this work) ; Paget Higgs, 
{Eleerical Betieto, xi. 280, and Electrician, Dec. 23, 1882) ; J. W. Swan, see 
Bosanquet {ib., Dec. 9, 1882); J. Swinburne (ib ., Dec. 23, 1882); S. Schuckert 
(ib., Oct. 13, 1883). It is claimed in America by Edison; and it has been 
patented by Messrs. Crompton and Kapp (ib., June 9, 1883). See also Hos- 
pitaller {V Electricien, No. 20, 1882). Students should also consult a series 
of articles in The Electrician, vol. x., beginning Dec. 16, 1882, by Mr. Gisbert 
Kapp. Farther, they should see a paper by Dr. Louis Bell in the Electrical 
World, xW. 383, 1891. 
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CHAPTER IV. 

ACTIONS AND EEACTIONS IN THE ARMATXJEB. 

In this chapter we deal mainly with continuous-current 
dynamos having armatures of either ring or drum type, and 
with a simple magnetic field such as is furnished by the two- 
pole field magnet so common in machines of this class. Many 
of the considerations apply equally to the case of multipolar 
machines, to machines with armatures of the disk type, and 
to alternate-current machines. 

For the sake of clearness we will suppose the armature (as 
-viewed from the end to which the commutator is affixed), to 
be rotating right-handedly ; and we will further suppose that 
the north pole of the field-magnet is situated on the right 
hand, as in Figs. 39 to 45, so that the magnetic lines pass 
through the armature core from right to left. We shall 
further suppose that the coils on the armature cores are 
wound right-handedly. Taking this as a standard case it 
is afterwards very easy to see how a change in any one of 
these conditions will affect the induction of electromotive- 
force. 

In Fig. 46 these points are illustrated by an end view of a 
ring armature. The magnetic lines proceeding from the 
N-pole will cross the adjacent gap -space from right to left, 
and enter the iron core of the armature ; trnvei-sing this (as 
illustrated in Fig. 60, p. 72), they will then pass across the 
other ga[)-spaee on the left and enter tlie S-pole of the field 
magnet. The copper wires or conductor of the armature, 
as each rises successively in the left-hand gap, will cut these 
magnetic lines. Each conductor will emerge at the top of 
the gap, will move over the higliest part of the armature from 
left to right, and in descending the gapspace on the right 



Actions and Reactions in the Armature. 



will again cut the magnetic lines. If we now apply the rule 
concerniug induction ' laid down on p. 22, we ahatl find tlisit 
the directions of the induced electromotive-forces in these 
rotating conductoi-s will be as follows : — In all the conductoi's 
as they ascend through tlie left-hand gap-space, the direction 
of tlie induced electiomotive-foroe is toward the observer — 
whilst in all those tliat are descending the other gap-space on 
the right the induced electromotive-forces will be directed 
from the observer. If we assume that these electromotive- 
forces are actually producing currents,^ then we may say that 
the eun-ents flow toward the observer in the conductoi-s which 
are rising in the left gap-space ; and from the observer in 
I those that are descending the right gap-space. If the armar 




ture is wound as a nug, the currents which come in one 
direction in the gap-space' return in the other direction down 
the inside of the ring. If the armature it; wound as a drum, 
then the currents simply cross at tlie end of tlie core through 
connecting conductors provided for tlie purpose. 

Now consider tlie way iu which the coils on the armature 
are connected together. Whether wound as ring or drum 

■ See footnote, p. I. 

" In all ilynaraoB, whennswlasijenfrotorii, ttaeciurentsbelngset upbf the 
electroiaolive-lorceBareof course inllie aame direction as the electromotive- 
forces nhicU lmp«l them. But It iiuut be remembered that In the case of 
nuchinei that sre used as iitnEnrii theeurrenls are beinR sent In by superior 
ele<Ttromotlve-force<i from outside, »nd that the lnduce<) electromotive-forces 
Id the mortor's armalm'e are always In an oppotite direction to that of tbe 
CQirent that is dowlng. 



ii 
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commutator bars is just leaving contact witli a brush, and , 
another one is coming into contact with it, the brush \vill rest 
on two adjacent bars and will ntomentaiily shortH^ircuit one 
section of the coils. While this lasts the two streams that 
come through the two halves of the winding will flow respec- 
tively to the two bars of the commutator, and will thus unite 
by both flowing into the same brush. It is obvious that if a 
current is introduced at any point into a closed circuit (such 
as the winding of a ring) and is taken out at any other point, 
there must be two paths through the windings. In the case 
of multipolar macMnes we shall see there are in many cases 
more than two paths, the current bifurcating more than once 
in its way through the armature. 

It is evident that if the magnetic lines in the gap-space 
are more closely crowded together in one pai-t than in another, 
the electromotive-forces induced in the separate windings aa 
they cut tJiese magnetic lines will be of unequal amount ; the 
greatest electromotive-force being generated in those con- 
ductors which are passing through that part of the magnetic 
field where the lines are crossing tlie gap moat densely. But 
since the individual conductora are all united together end to 
end, it will be obvious that the total electromotive-force o£, 
eillier half of the winding, from brush to brush, will be the 
sum of the electromotive-forces in the separate coils. 



Indcction in a Uxiform HonizoNTAL Magnetic 
Field. 



In considering the case of an ideal simple dynamo, it was 
shown that the induction in the rotating loop or coil was zero 
at the position where it lay in the diameter of commutation, 
and that the induction increased (as the sine of the angle) to 
its maximum value at about 90° {see Fig. 18, p. 32). This is 
of course true for the ideal case of the magnetic lines going 
straight across horizontally with equal density everywhere. 
In actual dynamos the distribution of magnetic lines in the 
gap is different, not always symmetrical, as we shall see. 
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Betnmiiig to the ideal case. Fig. 47, whiicli presentB a curve 
of nfitt, will Kire to rei»eamt, by the height of the curve 
the amonut of indoctitHi going on iu an annatnre at every 10" 
round the circle. If there are, for example, thirty-six sections 
in a ring annatate, so that the sections are spaced oat at 10° 




FiQ. 47.— Cuxvs (St IsDUCKD ELKTTsoa(mTX-F(»(& 
apart, the least active Sections will be those at 0° and 180°, 
whilst the most active are those at 90° and 270°. But in all 
the ordinary *' closed-coil " annaturas, the separate sections 
are connected together so that any electromotive*force induced 
in the fiist section is added on to 
that induced iu the second, and 
that in the third is added to these 
two, and so on all the way round 
to the brush at the other side. 
The separate electromotive-forces 
are added together just as are the 
separate electromotive-forces of a 
battery of voltaic cells united in 
series. A ring of battery cells 
united in series, like Fig. 48, but 
having oue-half the cells set so pio, 43. 

that the current in them tends to 
run the other way round the ring, forma a not inapt illna- 
tration of the induction in the sections of a ring armature. 
Now, knowing how the induction in individual coils or 
sections rises or falls round the ring, let us inquire what this 
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will result in when we add up the separate electromotive- 
forces so as to find the total effect. We sliall Lave to add up 
the effects of all the sections round, from the negative brush 
at 0° on one side, to the positive brush at 180° on tlie otlier 
side : and the result will be the same in each half of the ling 
because of symmetry. Suppose we take the side from 0° by 
90° to 180" (on the left in Figs. 20 and 46). If we look at the 
curve given above (Fig. 47) we shall see that as the heights of 
the dotted lines represent the amount of induction, the total 
effect will be got by adding up the lengths of all those from 
0° to 180°; and of course the sum is equal to the sum of the 
negative lengths between 180" 
and 360°. But we may do the 
thing in another way, which, 
besides giving us the final total, 
will show us how tlie sum grows 
as each length is successively 
added on. We should find that 
the sum grew slowly at first, 
then rapidly, then slowly again 
as it neared its highest value. 
The sum of the effects n'ould 
grow, in fact, in a fasliion repre- 
sented on a reduced scale in 
the carve of Fig. 49, This pro- 
cess of adding up a continuously 
varying set of values is called by mathematicians integrating. 
Fig. 49 is got by integrating the values of the curve Fig. 47 
between the limits of 0° and 180°. Now in the actual dynamo 
this integration is effected by the nature of things, in con- 
sequence of the fact that each section is united to those 
either side of it. 
It is possible to investigate by experiment ' either the 
' For some iDveetigattona made by the author, the reader ia referred 
to the author's Cantor Lectarei delirered in 1883 before the Society of 
Art3, and which are also described in the earlier editions of this book. 
The reader should refer to curves of induction obtained by Gaugain (e 
Annalet de Chimie et de Physique. 1873), and by Isenbeck (see Elektro- 
Itehnitcke Zeitsehrift. Aug. 1883). The more recent researches a 
ferred to on p. 66, and in the Chapter on Altemators. 
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detector galvanometer tlie position along this wire of thai 
points which have the same potential as that o£ the pilot^J 
brush on the commutator. Being n zero method it is vei-yi 
accurate; and it dispenses with the voltmeter, wliich fori 
tlie preceding method needs to be accurate over a -wida'J 
nmge. 

Joithert'g Method. — Another mode of examining the eleO-1 
tromotive-force induced at every successive point in the I 




rotation was devised by M. Joubert,' who placed on the shaft 
of the dynamo a pair of insulated metal collars connected to 
the ends of the armature winding ; each collar having a pro- 
jecting contact-piece which at each revolution made a moment 
contact against a spring. The moment at which ttiis occurred 



1 Annales de PEcole Jlformale, %. 131, 18S1. 
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depended upon the position of the contact springs, which 
could be adjusted to different points, and thus enable measure- 
ments to be made of the instantaneous values of the electro- 
motive-force at all different positions of the armature. Jou- 
bei-t's method has been used, with some modifications, by 
Mordey and Raworth,^ by Ryan,* and by Fleming.' 

Mordey^s Statical Method — Another method, applicable 
to machines at rest and without currents in the armature, con- 
sists in separately exciting the field-magnets, while the arma- 
ture coils, or any one of them, are connected to a suitable 
ballistic galvonameter, and observing the throw caused by the 
sudden turning off of the current in the exciting circuit. If 
this is done in a number of successive positions of the arma- 




Pio. 52.— Diagram of 
Potential round 
THE Commutator of 
Gramme Dynamo. 




Fig. 53.— Horizontal Diagram of 
Potentials at Commutator op 
Gramme Dynamo. 



ture, relatively to the field-magnet, a measure is obtained of 
the density of the magnetic flux, corresponding to each 
position of the armature, and the result may be plotted out in 
a curve exhibiting the distribution of magnetism in the field. 
This distribution is, however, perturbed, as we shall see, when 
the machine is running by the current in the conductors of 
the armature. 

These indications may with advantage be plotted out round 
a circle corresponding to the circumference of the commutator. 
Figs. 52 and 53, which are reproduced from the author's 

1 Journal Inst. Electrical Ewjinecrs, xviii. 670, 1889. 

2 Trans, Amcr. Instit, Electrical Engineers, vii. 3, 1890. 
« Electrician, Feb. 22, 1895. 
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Cantor Lectures of 1883, sevrr to show how the poteutial in a 
good Gramme machine rises gradually from its lowest to its 
highest value. 

It will be seen that, taking the negative brush as the 
lowest point of the cirele, the potential rises perfectly regularly 
to a maximum at the positive brush. The same values as 
are plotted round the circle in Fig, 52 are also plotted out as 
vertical ordinatea upon the level line in Fig. 53, which is an 
actual record taken from an " A " Gramme. 

Such curves, plotted out from measurements of the distri- 
bution of potential at the commutator, show not only where to 
place the brushes to get thebest effect, butenable ns to judge 
of the relative "idleness" or inductive activity of coils in 
different parts of the field, and to gauge the actual density 
of different parts of the field while the machine is running. 
The BteepnesM of the slope of the curve at different points is 
it self a meas\ire of the relative idleness or activity of coils 
in the corresponding parts of the field. 

The rise of potential is not equal l>etween each pair of- 
hars, otherwise the curve would consist merely of two oblique 
Bti-aight lines, eloping right and left from the points of highest 
and lowest potential respectively. On the contary, there is 
very little difference of potential between the commutator 
bars corresponding to the coils that are relatively idle. The 
greatest difference of potential occurs where the curve is 
steepest, at a position nearly 90" from the brushes, in fact, at 
that part of the circumference of the commutator which is in 
connection with the coils that are passing through the position 
of l>est action. If the magnetic field in which the armature 
rotated were uniform and parallel, the cuiTe would be a true 
"sinusoid," or curve of sines. The number of magnetic lines 
that pass thi-ougb a coil would be proportional to the cosine 
of the angle which the normal of that coil makes with the 
resultant direction of the magnetic lines in the field, and 
the rate of cutting the magnetic lines should be proportional 
to the sine of this angle. Now the cosine is a maximum 
when the angle ^ 0° and the sine is a maximum when the 
Hiigle^ 90* ; hence the rate of increase of potential should 




iiould be J 
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at its greatest when the coil is parallel to the magnetic, lines — 
as is very nearly realized in the diagram of Fig. 53, which, 
indeed, is very nearly a true " sinusoidal " curve. 

But in ordinary dynamos with polar surfaces that embrace 
the armature closely on both sides (as in Fig. 46, p. 59) the 
field is — at least when not distorted by armature reactions — 
distributed nearly radially in the gap spaces ; and in the parts 
lying between the pole tips there are hardly any magnetic 
lines entering or leaving the armature. Hence in such a case 
the revolving conductors become active as they plunge into 
the gap, continue nearly equally active as they pass along the 

gap, and become almost idle 
when they emerge to pass 
between the pole-tips. In 
such a case the result of ex- 
ploring the potentials by the 
first method will be to yield a 
curve such as A in Fig. 54. 
The coiTCsponding curve for 
the total potential measured 
from the negative point around 
the commutator by the second 
method is indicated at B in 
Fig. 54. 

If the brushes are badly 
set, or if the pole-pieces are 
not judiciously shaped, the rise 
of potential will be irregular, and there will be a maxima and 
minima of potential at other points. An actual diagram, 
taken from a dynamo in which these arrangements were 
faulty, is shown in Fig. 55, and again is plotted horizontally 
in Fig. 56 ; from which it will be seen, not only that the 
rise of potential was irregular, but that one part of the 
commutator was more positive than the positive brush, and 
another part more negative than the negative. The brushes, 
therefore, were not getting their proper difference of potential; 
and in part of the coils the currents were actually being forced 
against an opposing electromotive-force. 




Fia. 54. 
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As we shall see, the current in the armature reacts on the?! 
nia^etic field, and distorta the distribution of magnetic linea.1 
in the gap -space. 

These methods of explonng the distribution of potential 
round the commutator have proved very useful ip practice,* 
and elucidated various puzzling and anomalous results found I 
by experimenters who have not known how to explaial 
them. 

Curves similar to those given can be obtained from thel 
commutators of any continuous-current dynamo having a( 
closed-coil armature. The open-coil machines used in arol 
lighting give widely different curves owing to the peculiatif 



Fig. 56.— Horizostal Diagram C 
p0te.vtiai..s at commttatob c 
Faultt Dynamo. 




Pio. 55.— Diagram of 
Potential rocxd 

the commutatob 

I> DYSAilO, 



arrangements of their commutators. It should also ba I 
remembered that the presence of bruahes drawing a cuiTent J 
will alter the distribution of potential ; and the manner and I 
amount of such alteration will depend on the position of t 
brushes, as well as on the amount of current drawn and tlie ] 
design of the machine. 

Curves showing the actual distortions due to the armature 1 
reaction, have been given by von Gaisborg ^ for a Schuckert | 
dynamo, by Kohlranach^ for a Lahmeyer dynamo, and by \ 
M. E. Thomson * for a Thomson-Houston dynamo ; also by ' 
Ryan (see above). 



• EUktrolfChnisclie ZeUachrifl, vii. 67, Feb. 18Sa. 
« CtntTnlblattfiir ElektroUchnilr.is.. 410, IS87. 

* EUetrtcal World, xvil. 302, 1801. 



REACTI033 Due to thk CxrBSRXsrs cr thk Abmahtbe. 

When a djnanio » yielding a coireiLty a set of entirely 
new fheaomeoA araes in consequence ol Hbe magnetic and 
electric leactiona set up between the armatore and the field- 
magnetSy and between tl» separate sections of tl» armatore 
coib. The cnrrent circulating in the armatore windings pro- 
daces magnetizing effects which interfere with those of the 
exciting corrents of the field-magnet. In addition to this 
there may also be eddy corrents in the masses of metal which 
will pertorb the magnetic field. The reacti<xis of the ronning 
armatore manifest themselves in several ways, the more 
important of which are (a) a tendency to cro6»-magnetize the 
armatore; (&) a tendency to spark at the broshes; (<r) hence 
the necessity of shifting the broshes throogh a certain angle 
to such a point that sparking disappears ; (cQ a consequent 
tendency for the armatore corrent to demagnetize ; (e) varia- 
tions of sparking, and consequently of the neotral points, 
when the amoont of current drawn from the machine is 
altered ; (f) heating of armature cores and coils ; (^) heating 
of the pole-pieces ' of the field-magnets; (A) a consequent 
discrepancy between the quantity of mechanical horse-power 
imparted to the shaft and the electric horse-power furnished 
in the electric circuit. The nature of these reactions demands 
careful attention. 

Cross-magnetizing Effect of Armature Current. — We have 
seen (pp. 40, 62, and Fig. 48) that any closed-coil armature 

may be regarded as 
acting like a double 
voltaic battery, the 
two sets of coils acting 
like two rows of cells 
united in parallel. 

We have now to show 
Fio. 67.-POLE8 ox Half Ring. ^^^^ ^ ^.j^^^ armature 

\y be regarded also as a double magnet. Suppose a 
i-ring of iron to be surrounded, as in Fig. 57, by a coil 
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carrying a curreDt, it will become, as every ona knows, 
nmgnet having a N-pole at one end, and a S-pole at the 
oUier. If a complete ring be ainiilarly over-wound, but 
with aji eadless winding, and if then electric cun-ents from 
a battery or other source are introduced into this coil at 
one point, flowing round the two halves of the ring to 
point at the other side, and then leave the coil by an appro- 
priate conductor, each half of the ring will be magnetized. 
There will be, if the cuirenta circulate as represented by the 
arrows in Fig. 58, a double (or " consequent ") S-pole at the 
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point where the currents enter the winding, and a double N-pole 
at the place where the eun'ents leave. The cuiTents circulating 
in a Gramme ring will therefore tend to magnetize the ring 
in this fashion. Let us see how such a magnetization is dis- 
tributed inside the iron itself. Fig. .39 shows tlie general 
course of the magnetic lines as they permeate through the 
iron ; where they eraeige into the air are the effective poles of 
the ring regarded as a magnet. Fig. 59 should be veiy c 
folly compared with Fig. 6-5. It will be noticed that though 
the majority of the magnetic lines pass externally into tlie air 
at the out«r circumference of the ring, a few of them find 
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their way across the interior of the ring, from its N to its S- 
pole. This pai-t of the magnetic field would in an actual 
dynamo be deleterious if the number of magnetic lines were 
not in reality few. The presence of the external masses of 
iron at the polar parts of the field-magnet tends to cause these 
magnetic lines to find their way externally. 

It is evident that this cross-magnetizing effect will pro- 
duce a distortion of the magnetic field in the pole-pieces and 
in the gap-epace. If, however, the In-ushes could be allowed 
to remain at the ends of a diameter exactly symmetrically 
between the pole-tips, the effect of the cross field upon the 
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electromotive-force would be inappreciable. But the brushes 
have to be displaced into an angular position in order to avoid 
sparking : the diameter of commutation being oblique when 
the brushes are moved forward to the neutral points. When 
this is done the armature cun'eut produces, as we shall see, 
not only a cross magnetizing effect, but also a demonetizing 
effect ; and this weakens the electromotive-force. 

Fig. 60 represents* the magnetic flux through an armature 
at rest, when the field-magnets are separately excited. The 
width of the gap^pace is exaggerated, and the conducting 
wires both on the armature and on the field-magnet are 
shown in section as if consisting of a single layer of lai^e 

1 Figs. 00, 81, 62 aod OS arc taken, nlth some modiflcBtloti, from Esson's 
paiwr to. Jounal Inai. Electrical rf.iaineers. xix. 135. 1890. 
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round wires. Wives in wliich a current flows totvard the 
oleerver are distinguished by a central dot. "Wires in which 
n current flows /rowi the obsei-ver are distinguished by a cross. 
Tlie reader may think of tlie dot as representing the point 
of an aiTow advancing towards him ; whilst ttie cross may 
i-epresent ita retreiiting tail. Wires carrying no current are 
left blank. It Avill be noticed that the inagnetio lines are 
fairly uniformly distributed both in tlie gap-spaces and iji the 
polar portions of the field-magnet. The armature is drum- 
wound, the wires being only on the outside; the magnetizing 
eEEect of a current in it will be of the same kind as thiit traced 
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out above in the case of a ring-wound ai-matuie, though less 
in degree- 
Suppose, now, the exciting current in the field-magnet 
coils to be removed, and a current sent through the armature 
coils only.'so as to imitate the effect of the current generated 
by the machine when running. If it is to do tliis, and if the 
armature connections are in riglit-handed order, and the 
machine rotating right-hiindedly, the currents in both sets of 
windings will tend to climb toward the top, the upper brush 
being the positive brush, and the double pole created at B will 
Ije a north pole. Suppose the brushes by which the cuiTcnt 
entera and leaves to be set respectively at the highest and 
lowest points, as in Fig. t)l ; then the dotted lines may be 
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taken as representiDg tbe flow of magnetic lines doe to the 
corrents in the armature. Since tbe nnmber of sach ms^etic 
lines depends upon the goodness of the magnetic path which 
ther have to follow, it is clear that the cross field produced 
by a given current, flowing in a given set of conductors, will 
be greater the narrower the gap«pace, and the wider the arc 
sfjanned by the polar masses of iron ' on either dde. It may 
al»o be noted that the cross-flax in either half of the armature 
must cross the gap-space twice. 

But in the actual dynamo, when generating a current, both 
these magnetizing actions are going on at once. If we super- 



s 

Pio. 62.— Joint Maonetizixo Eppbct op Ccrbbnts en PiELD-HAfiitET 
A.VD Abmatubb (do lead). 

pose Fig. 61 on Fig. 60 we shall obtain an approximate picture 
of the state of things, as Fig. 62. We suppose that the 
brushes were set to touch at two points on the vertical 
diameter. The field-magnets tend to magnetize the ring so 
that its extreme left point is a N-pole, and the cuirents tend 
to magnetize it so that its highest point, where the brush is, 
is a N-pole. The consequence of this will be a resultant 
magnetization in an oblique direction. The magnetism is 
thus distorted in the direction of the rotation (in motors it is 
distorted the other way) as if tlie rotation of the armature 
hatl actually dragged the magnetism round a little. The 
position of maximum potential will also be shifted a little in 

• St* Journai Inst. Eltctrical ErtQlneers, xs. 200, 180L 



the direction of the rotation. Now for reasons to be shortly 
discussed, the brushes must be set, not on the diameter that 
lies symmetrically between tlie pole-tips, but at an angle a 
little ahead of this in the direction of the rotation. Hence the 
cross field wiUalsolie obliquely, tending to further distortion. 

Draw a line O F (Fig. 63) to 
represent the ampere turns due 
to the field-magnet excitation, and 
the line O B to represent, relatively 
in magnitude and direction, the 
ampere turns due to the armature 
cuiTent ; then the diagonal O R ^^°- ^^■ 

will represent the direction and magnitude of the resultant 
magnetizing tendency. 

An exaggerated diagram of the distortions which result is 
given in Fig. 64, which relates to a ring-wouud dyuamo. A 




reference to Figs. 60 and 62 will also show that the magnetism 
of the armature reacts on the magnetism of the pole-pieces. 
The magnetic lines in the iron of the left pole-piece are 
crowded up towards the top corner, and in the right pole- 
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piece are crowded towards the bottom, as if the polarity had 
been attracted upwards on one side and downwards on the 
other. The density of the field is completely changed from 
what it was in Fig. 60. The magnetic lines at the upper left 
side are crowded together. The resultant N-pole of the ring 
— marked w, w, n, where the lines emerge from the ring — 
attracts the S-pole — marked «, «, «, where the lines enter the 
field-magnet — and the steam-engine which drives the dynamo 
has to do hard work in dragging the armature round against 
these attractions. The stronger the current in the armature 
coils, the Stronger will be the poles in the armature, and the 
stronger will be the attmction of w, n, n, toward «, «, %; so the 
steam-engine must work still harder to keep up the speed. 
It will also be noticed in this figure, which relates to a ring- 
wound machine, that ^few of the magnetic lines due* to the 
curi'ent in the armature — two of them are shown dotted in the 
figure — leak across internally and contribute nothing to the 
external field. The oblique direction of this internal field 
marks the angle of lead of the brushes. It will be remarked 
that the innermost layera of iron of the ring are magnetized 
differently from the outermost, for the ** n " pole of the outer 
layer of iron occupies a region lying obliquely on the left, 
while the " n " pole of the inner layers lies to the right of the 
highest point. All these phenomena — the shifting of the field 
— its concentration under the "leading" polar horn — its 
weakening under the " trailing " horn — the weak internal 
field — the discrepancy between the positions of the induced 
poles on the inner and the outer sides of the ring, can be 
observed in an actual dynamo. Fig. 65 shows the pattern 
produced experimentally in iron filings by placing a magnetized 
ring between the poles S N of a field-magnet, which would 
tend to induce in it poles n\ «', and giving its own poles ?i, % 
the proper lead. It should be compared with Figs. 62 and 
64. 

In the case of drum-wound armatures the phenomena, 
though of the same kind as with ring windings, are a little 
less easily traced. In consequence of the over-wrapping of 
the windings on the outside of the armature, the currents in 



8ome of the windings are pai-tially neutralized in their 
magnetizing effect on the core by those that lie across them, 
ajid consequently the polarity due to the curi-ent ia not so 
Ti^ell marked as with ring armatures. Neither can tiiere be 
any internal Held. In fact di-um armatures are less liable to 
induction troubles of all kinds than are ring armatures. But 
with these exceptions, tlie same considerations apply to drums 
as to rings. 

A glance at Fig. 61 will show that as the local magnetic 
fields due to armature cui'reuts tend to cross each of the gap- 
spaces twice, once in the same direction as the principal mag- 
netic field, and once in an opposing direction, there must 




inevitably result a weakening of the field at that part of the 
gap where the revolving conductors enter, and a strengthening 
Eit that part where they are leaving, exactly as though the 
revoh-ing copper swept the magnetic lines round while cutting 
through them. From this distortion there results a similar 
distortion upon the curve of induction. On exploring with 
pilot-brush and voltmeter, one obtains curves which differ from 
those obtained where theie is no cuiTent in the armature. 
Fig. GC), which shows the form of the distorted curves, should 
be compared with Fig. 54, p. 68. 

NKutral Points. — From the earliest time that dynamos 
linve been used, engineei's have found that, in order that the 
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short time, and must be imperatively avoided. If a new- 
commutator, or one that has recently had its surface renewed 
in the lathe, he examined aft«r spaiking has taken place, it 
will be noticed that the edges of many or all of the com- 
mutator segments will appear as if burned. But the burnt 
appearance will always be — no matter whether in generator 
or motor — at that edge of the segment which was the last to 
touch the brush; the advancing edge in the direction of the 
rotation will not show signs of burning. This proves that the 
spark that produces the damage occurs just as the copper 
segment, after passing under the brush, parts from contact 
with it. The cau»e of sparking is not difficult to show. All 
the conductors in the armature have their cuiTcnts I'eversed 
and re-reversed at every revolution. In bipolar machines the 
reversal occurs twice in each revolution. In multipolar 
machines more than twice. In the case illustrated in Fig. 62 
the currentflows towards the spectator in all the conductors as 
they rise on the left side, but flows from the spectator in them 
as they descend on the right. Reversal occurs at the moment 
when the conductor, or the section of which it forms part, 
passes the brush or undergoes commutation. The production 
or non-production of sparks depends on the conditions under 
which the commutation or reversal of current takes place, and 
is a consequence of the property of self-induction — the property 
in virtue of which (owing to the current in a conductor setting 
up a magnetic fleld of its own in the surrounding space} 
it in impossible instantaneously to start, stop, or reverse a 
current. 

Consider the standard case of a ring armature constructed 
in sections, each section consisting of one or two tunis of 
conductor. The currents will he reversed successively in the 
separate sections, one section at a time, as they come up to 
the neutral points ; or rather two at a time if commutation 
goes on simultaneously at each of the brushes. Half the 
current flows up the coils on the left-hand half of the ring, 
and the other half of the current flows up the coils on the 
right-hand half. If the positive brush is at or near the top, as 
m Fig 67, the current flows from left to right through the 
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sections X and W on the left of the brush, and from right to 
left through the sections T and U on the right of the brush. 
Now as the armature turns the bars of the commutator come 
successively into contact with the brush. \i\. Fig 67 the bars 
e and d have ab^ady passed the brush ; e is just leaving it, 
and / is just beginning to pass under it. For a brief moment 
the brush rests on two adjacent bats e and/, and thus short- 
circuits the section V for an instant. The duratiou will 




Fig. 61.- 



obviously depend on the speed of rotation, on the breadth of 
the insulating gap between the commutator bars, and on the 
breadth of the contact surface of the brush. Kow the section 
V a moment previously belonged to the left-hand half of the 
ring, and when it has passed the brush, that is to say, when e 
ceases to touch the brush, it will belong to the right-hand half 
of the ring. It is clear then that in the act of passing the 
brush the current that was flowing in the section V will be 
stopped, and then started again in the opposite direction 
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tlirougli its coils. Everj section of the armature as it pusaes 
tUe brush will similarly be transferred from oiie half of the 
ring to the other, aud will have its current reversed. This is 
infact Iheactof commutation. Now BUppose it were arranged 
that the act of commutation should occur exactly at the point 
wlien the coils of the section are not cutting any magnetic 
lines whatsoever: so that while the coil is short-circuited it 
^haU not be the seat of any induced electiomotive-force. 
Then the current in it will die out, and as it emerges from 
uuder the brush it will be thrown as a perfectly idle coil upon 
the right-hand half of the ring, in which a current is flowing 
towaitl the brush. Just before the bar e parts company from 
the brush, the cuiTent coming up through Tand U is flowing 
thi'ough t to the bi-ush ; but as e moves away this current has 
suddenly to go also TOund the coils of V. But because 
of self-induction the current cannot instantly rise to ita 
full strength in the idle coil V, hence before V really gets 
to work, the current sparks across between e and the 
brush. We have here supposed V to be a perfectly idle 
coil: now suppose that it is not idle but is actunlly still 
cutting magnetic lines, as would be the case if the brush, 
instead of being shifted forward to the neutral line n n\ 
had been given a hackwurd lead further to the left. Then 
it is clear tliat during the moment of shortrcircuiting there 
will lie an electromotive-force acting in the coil as it passes 
the brush. Such an electromotive-force, even though small, 
may jiroduce momentai-ily a large current, because the short- 
circuited resistance is so small. Hence the sparkling will be 
worse than if the coil were absolutely idle. Suppose the 
section of coil to liave a resistance of O'OOl ohm, and 
to be short* ircui ted while moving in such a field as to 
generate 5 volts, the current would rise to 5000 amperes in 
that coil ! 

Now suppose that the brush is shifted just so far the other 
way, in tlie direction of the i-ototion,^ that as the coil passes the 

' In n case of a motor, which is Beparatcly considered in a Chap. XX, 
tilt? brushea must be shifted in tlie opposite direction to tlie rotation ; 
\. e. there must be a negativt- lend. 
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brush it is beginning to enter the frii^ di the magnetic field 
on the right. In that case it will be beginning to cut the 
magnetic lines in snch a waj as to tend to set up a corrent in 
the reverse direction through it. The ideal arrangement is 
attained if the brushes be shifted just so far bey<md the point 
of maximum electromotiTe-force that while the sections pass 
under the brush and are short-circuited they should actuallj 
have a small reverse electromotive-force induced in them * 
and this action should last just so long in each successive 
section as to stop the current that was circulating, start a 
current in an opposite direction, and let it grow exactly equal 
in strength to that which is circulating in the other half of the 
armature, which it is then ready to join. If this set of con- 
ditions could be attained there should be no sparks. A 
magnetic field of the proper intensity to cause reversal in the 
commuted section of the armature can usually be found just 
outside the tip of the pole^iece, for here the fringe of 
magnetic lines presents a density which increases very 
rapidly. Since a more intense field is needed to reverse 
large currents tlian is required for small ones, it follows that 
the angle of lead that must be given to the brushes will be 
slightly greater for large currents than for small ones. Time 
must be allowed for reversal, hence the brushes must not be 
so thin as merely to bridge the width of the insulation. 
Sparking can indeed sometimes be cured by merely using 
thicker brushes which prolong the time during which the 
section is short-circuited. 

If the bruslies are too thin, or are not rocked sufficiently 
far forward, there will be free sparking. If they are shifted 
Ixjyond the neutral points, the sparking is in general less. 
That is to say there is usually much sparking when the lead 
is too little ; a little sparking when the lead is too great ; 
and no sparking when the lead is right. When the lead is 
greater than is necessary there is a waste of energy due to 
th(3 generation in the short-circuited coil of a larger reverse 
current than is necessary. Moreover, as the lead is increased 
beyond tlie neutral point, all the coils that lie in the region 
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between the neutral point and the diameter of commutation 
are exerting counter electi-omotive-forces, and the potential 
at the bruslies falls from it^ maximum. 

If in any dynamo the armature current is very great, and 
the field-magnet very weak, it may happen that no position 
can be found for the brushes in which the intensity of the 
field is sufBcient to reverae the current in the section. The 
greater the magnetic distortion the weaker will be the field 
just at that very part where a strong field is needed for 
sparkle^a revei-aal. Such a dynamo will spaik incurably. 
It ia evident that sparklessness will be promoted (1) by 
dividing up the armature into many sections, ho that the 
reversals of the currents may Iw done in detail ; (2) by 
making the fleld-roagnet a relatively powerful one ; (3) by 
so shaping the pole surfaces as to give a suitable fringe of 
magnetic field of sufficient intensity ; (4) by choosing brushes 
of suitable thickness, and keeping their contact surfaces well 
trimmed. (See also Chapter XVI. on Dynamo Design.) 

Beside the cause of ordinary sparking explained above 
there are some causes of an exceptional nature. In those 
d)-namo3 (chiefly those used in ai-c lighting) that are con- 
structed to work at liigh potentials approaching or exceeding 
1000 volts, there sometimes occurs a phenomenon known as 
" flashing-over." A long blue spark will on a sudden altera- 
tion of the resistance of tlie circuit be drawn out around 
the circumference of the commutator from brush to brush. 
This spark, which is more of the natnre of an arc, does 
little hai^n in the case of those dj'iiamos which are con- 
structed with commutators of few parts separated by air- 
gaps, but is very harmful in the case of dynamos having 
commutators of the ordinary sort, with thin mica insulation 
between the bars ; for these are easily shortKiircuited by the 
flash-over. 

Another cause of sparking is want of symmetry in the 
winding of the armature. If one of the sections is short- 
circuited by any accident, or has become disconnected fram 
its neighbor, sparking will result at that part of the com- 
mutator. Jumping of the brushes when the collector is 
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untrue, or when the brush-holders are defective, is another 
prolific cause of sparking. 

Formerly the fact that a lead must be given to the brushes 
was ascribed to a sluggishness in the demagnetization of the 
iron of the armature, but this view is apocrjrphal. Indeed, 
the reverse is probably true ; and, until further experimental 
evidence is forthcoming, it will be assumed that the alleged 
magnetic lag is negligibly small in its effects. For further 
discussion of this, see some experiments which were described 
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Fig. (J8. — Demaonetizino Action of ABSiAxuBE Cubrent of 

Genebator. 

in Appendix V. of the third edition of this work. The 
generation of eddy cun*ents in any part of the revolving 
armature will necessarily be accompanied by a demagnetizing 
action, and will also affect the lead. 

Demagnetizing Action of Armature. — If in a dynamo 
there is a forward lead given to the brushes for the purpose 
of stopping the sparking, there at once results another re- 
action, namely, the production of an actual demagnetizing 
tendency or " back magnetomotive-force." That the arma- 
ture current does so act is readily demonstrated by con- 
sidering Fig. 68. Here the field-magnet and armature are 
represented as before, but the brushes have been given a 
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forwanl or positive lead ; the neutral line n n' lying obliquely. 
The cuiTents are flowing toward the observer in the armature 
condoctors on the left of the neutral line, and from the 
observer in those on the i-ight of that line. Now let the two 
lines a h and c d be drawn squarely across the armature 
tlirough the points of commutation corresponding to the two 
brushes. These lines intersect the outline of the armature in 
four points. In the diagr.tm there are thirty-two conductors 
spaced out around the core disk of tJie armature; and as 
this armature is diuni-wouud, the end connections of the 
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conductors will probably be somewhat like those shown in 
• Fig. 69, where each conductor is connected across the end 
bj- a double-curved connector to the conductor that is next 
to the one diametrically opposite.^ Now so far as any 
magnetizing actions are concerned it does not matter what ■, 
the end connections are, provided they are compatible with 
the flow of current indicated above in Fig. 68, with cuiTcnt 
advancing along the sixteen conductors on the left of n n', 
and retreating along the sixteen on the right of n v'. Hence 
we may consider them, temporarily, as grouped in any 
Tray that will assist us to understand their action. Suppose, 

' For tDod<?s of connecting drum-windingB, see Chapter XIII. . 
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then, that the four conductois fran 29 to 32 vn 
across the ends ^ to the four from 13 to 16 (Fig. 70} ; and let 
the twelre condnctma from 1 to 12 be joined acfoss to the 
twelve from 17 to 28. Our annatore windings are now 
distriboted into two belts, one horizcmtal belt of twelve 
windings which tends simply to cr ow mag netize^ and one 
vertical belt of foor windings which tends simply to de- 
mof^netize; for it will be seen that the direction of tiie circu- 
lation aroond the vertical belt is opposite to the direction of 
the circulation of current in the magnetizing windings. The 
breadth of the belt of demagnetizing windings is obviously 
proportional to the angle of lead, since it subtends double 
that angle. If the armature in question were carrying 100 
amperes then, since there are two paths through the arma- 
ture circuit (pp. 62 and 71) each conductor must carry 50 
amperes. Hence the number of cross-magnetizing ampere- 
turns is 50 X 12 = 600 ; and the number of demagnetizing 
ampere-turns is 50 x 4 = 200. 

Now the cross-magnetizing action which, as we have seen, 
distorts the field, does of itself slightly diminish the flux of 
magnetic lines that crosses the armature core from side to 
side, because in the oblique resultant direction of the mag- 
netization the increased flux tends to produce greater satu- 
ration in the pole comers. For other researches on the 
effect of a cross magnetism in diminishing the magnetism of 
the core, see papers by Siemens* and Schiiltze* in Wiede- 
mann's Annalen. Schiiltze, in the course of twenty-four ex- 
periments, found that the .cross-magnetization of an iron core 
always diminished the longitudinal magnetization. More 
recent experiments on these effects are those of Frolich, 
Kennelly,* and Stromberg.^ 

In a Manchester dynamo, tested by Prof. Ayrton,^ 6846 

1 See Swinburne in Journal Inst Elec. Engineers, xv. 542, 1880. 

* Werner Siemens. Wiedemann's Annalen^ xiv. p. C84, 1882. 
'Schaitze. Wied. Ann., xxiv. p. 068, 1885. See also Oberbeok, 

Habiliations-Schrift, 1878. 

* Electrician, xxv. Ill, 1890. 

* Centralblatt fUr Elektrotechnik, 1887, p. 288. 

* Joum. Inst. Electrical Engineers, xiz. 175, 1890. 



ampere-turns of excitation were needed when no lanipa were 
I on, and 10.000 when the machine was furnishing its full out- 
I jiut of current; of the additional 4154 ampere-turns, 1764 
I were needed to compensate for the lost volts (due to internal 
I re^iistance and lessened penneability) and 2400 to compensate 
for the demagnetizing effect of the armature current with the 
increased lead needed to prevent sparking. The greater the 
' lead given to the brushes in a dynamo used as a generator, 
I the gi'eater is the demagnetizing effect of the armature cur- 
rent. In motors the direction of the armature current is 
opposite to that in the dynamo (that is to say is aqamat 
the electromotive-force), a negative or backward lead lias to 
be given to the brush to avoid sparking — and this hack- 
ward lead also results in a demagnetizing tendency. If a 
negative lead (i. e. a displacement from the neutral line in 
the opposite direction to the sense of the rotation) is given 
, to the brushes of a generator, the magnetizing effect of the 
' armature euri-ents will tend to assist the magnetization of the 
I core. Drs. J. and E. Hopkinson ' have shown that If a back- 
' ward lead is given, a gener.Uor can excite itself by means of 
the armature currents only; but in such case of negative 
; lead there was a destructive amount of sparking. The de- 
magnetizing effect is of course proportional to the number of 
effective ampere-turns of the armature circuit that surround 
the magnetic circuit, and therefore to the actual number of 
ampere-turns included, as we have seen, in a belt of double 
the angular breadth of the angle of lead.' According to 
Kapp a smaller actual number of compensating turns is re- 
quired in practice. Several expedients have been proposed to 
compensate tlie cross-magnetizing tendency of the armature 
cunenta, and so obviate the variations of lead. In one due to 
Mather,* a small bar electromagnet excited by the armature 
current is placed perpendicularly between the pole-piedes. 
' PhU. Tram., 1886, part i. p. 347. 

' According to Peukert. who, however.does not specify theangleof lead, 
the demagnetizing effect of the armaturo current is proportional to the 
V3 power of the armature current. See Centralblatt fUr Elektrotech- 
nft, iz, 484, 1S8T, 
■ See la Lumiire 6leeMgue. xix. 404, 1865. 




88 DynamchElectric Muchinery. 

Swinburne ^ has discussed the advantages of various similar 
arrangements for this purpose. Professor E. Thomson pro- 
poses to place a series coil on a movable frame over the 
armature and tilt it till it brings back the neutral point. 
These devices, together with the recent proposals of Ryan 
and of Sayers, are considered in Chapter XVI. on Dynamo 
Design. 

The interference of the armature with the magnetization 
of field-magnets may also be studied in relation to the 
" characteristic " curves of dynamo machines (see Chap. X.), 
which are used to show the rise of the electromotive-force of 
the machine in relation to the corresponding strength of the 
current; this rise being proportional to the magnetization 
through the armature. Now the chai-acteristics of nearly all 
series-wound dynamos show a decided tendency to turn 
down after attaining a maximum ; and in some machines, for 
example the older form of Brush arc-light dynamo with cast- 
iron ring, this reaction is very marked. The electromotive- 
force diminishes, though the magnetizing force of the field- 
magnet coils goes on increasing. The effect is due partly to 
the distortion of the magnetism, but mostly to the demag- 
netizing effect as the lead of the brushes is increased. It is 
at least significant that in the older form of Brush machine, 
where the reduction of electromotive-force is very great, 
there is also such a mass of iron in the armature, and so 
variable a lead at the brushes. 

The questions of lead of brushes, sparking, and field nec- 
essary to reverse the curretit in a section is further consid- 
ered in Chapter XVI. in relation to the design of dynamos 
and the load (or ampere-turns) which an armature can 
carry. ^ 

Dead Tum%, — Owing to the various reactions that depend 
upon the speed, it is found that the electromotive-force of a 
machine excited by a given current is not rigidly propor- 
tional to speed, but falls off somewhat at higher speeds. 
The machine acts as though some of its revolutions were not 

1 Joum. Inst, Electrical Engineers, zix. 105, 1890. 



effective. The name dead-turnt is given to tlie number of 
revolutions by which the actuiil speed at any output exceeds 
the number that would be needed for strict proportionality. 

Spuriom Resistance. — There is yet another effect which 
results from the existence of self-induction in the coils of the 
lirmature. In each section the eun-ent tenila to go on, and iu 
(act does actually go on for a brief time after the brash has 
been reached. Then the energy of the current in that section 
ta wasted in heating the copper wire during the interval when 
it is shortrcircuited ; and as it piissea on, energy must again 
be spent in starting a current in it in the inveree direction. 
All tliesQ i-eactions are of course detrimental to the output of 
current by the dynamo : especially the loss in short-circuiting. 
It has been shown by M. Joubert ' that the loss of energy due 
to the reversals of the cun'ent in the sections of a ring arma- 
ture is equal tow L C ^/ 4 per second, where « is the number of 
revolutions per second, L the coefficient of seU'-iiiduction for 
the entire ring, and C the armature current. Professors 
Ayrton and Peny very aptly pointed out* that the matter 
may be conveniently expressed in another way. Since the 
energy per second conveyed by a current running thi'ongh a 
resistance r is equal to r C^ it is evident that the energy lost 
per-second by self-induction is the same as if there were an 
additional resistance in the armature of the value r = n L/ 4. 
There is, therefore, in a rotating armature, an apparent in- 
crease of resistance proportional to the speed, and this 
apparent increase, due to self-induction, cannot be got rid of 
by subdividing the armature into a larger number of sections. 
It can be diminished by using more iron in the magnetic cir- 
cuit, and fewer turns of wire in the armature. The value here 
assigned depends on the assumption that during the moment 
of ahortrcircuiting the current in the section simply dies out. 
If it is stopped and reversed by the introduction of a counter 
electromotive-force, as it ought to be, the value will be less. 

I Comptes Rmdus, June 23. 1880, January U. 1889, Hareh 5, 1888 ; and 
L'&leetricien. April 1883, 
*Joum. Soe. Teleg. Eng. and Electr.. xii. No. 4B, 1883. 
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might be iiiduced parallel to the ainmture conductors ; and in 
the annature conductors it is desired to cut off all flow of 
current fi-ora one side or edge of the conductor to the other. 
The planes of lamination must of coui-se be arranged to cut 
right across the direction in which the pai'nsitic current might 
otherwise flow. Now since (see p. 23) the direction of the 
induced electromotive-force, the direction of the motion, ami 
the direction of the magnetic lines are all three at right 
angles to one another, it suflices in each case to describe the 
plane of lamination, hy stating to which of these three direc- 
tions it roust be normal. It will then contain, or be parallel 
to, the other two directions. 
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It will be noticed that the lamination for the polar masses 
is the same as for the core ; so timt the polar masses are 
virtually continuations of the core-disks. 

The necessity for dividing tlie cores of drum armatures 
and of ring armatures (if cylindrical, not discoidal) into core- 
disks, may be illustmted as follows :— In any conductor rising 
in the left-hand gap-space there will be genemted an electi-o- 
motive-force tending from back to front. Hence if the core 
were of solid iron, a current would flow forwards along the 
outer part of the core on the left, and back along the outer 
surface on the right. Division of the core into disks will 
obviously minimize such currents. It will not, however, 
entirely eliminate them, for as Fig. 71 shows in the sectional 
viev? of the core-disks, it is possible for eddy-cuiTeiits to 
flow in the substance of these. As a matter of fact it is 
found that if they are too thick, or are not pro;ierly 
insulated from one another, they heat: and the heating is 
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mainlj at the oater gorbce, where die eddies are strongest 
As a geneial rule it may be said tliat core-disks sbonld not 
exceed 2 miUimecres in thickness. The same thickness is 
aoitahle for the ribbon cores of discoidal rings. The new 
laminated armatare of the Brash aic-Ught machine, when 
nsed in place of the <AA. solid armature, ms foand to diminish 
greatlr the number of -dead toms," besides saving much 
energy previoaslT lost in heating. If there is a straj mag- 
netic field leaking &om the flanks of the polar masses into 
the flat sorface of the end-disks of the core, eddy-currenta 




Fig. 71.— Eddt-ctrrents ra Coke-Dbks. 



will also lie set up iii the letter. Tliis can be obviated by 
making the length of the armature core rather greater than 
the length of the polar masses parallel to the axis. 

With ring armatures that have an internal field (see p. 71) 
similar e<1die3 will be set up in the driving spindle and in 
the nietnl arms that support the core, wasting power and 
heating them. 

Eddif-currents in Pole-p'tecet. — If the masses of iron in the 
armatni-e are so disposed that as it rotates, the distribution of 
the lines of foi-ce in the narrow field between the armature 
and the pole-piece is being continually altered, then, even 
lliougli tlie total amount of magnetism of the field-magnet 
rcmninx unchanged, eddy-currents will be set up in the pole- 
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piece and will heat it. This is shown by Figs 72 to 77, which 
represent the effect of a projecting tooth, such as that of a 
Pacinotti ring, in changing the distribution of the magnetism 
of the pole-piece. Figs 75 and 7ti (corresponding respectively 
to Figs. 73 and 74) show the eddy-currents grouped in pail's 




Fio, 79, Fio. 73 Fro. 74. 

ALTEBATion OF Maoketic Field due to Movement of Mass of Ihos 
iH Abmatuek, 




Fio. "5 Fio"6. Flo. 77. 

EDDy-ClTRRENTS DTODCED IN POLE-PIECES BV MOVEMENT OF MASSE 

OF Ikon. 

of vortices. The strongest current flows between the vortices, 
and is situated just below the projecting tooth, where the 
magnetism is most intense ; it moves onward following the 
tooth. Fig. 77 shows what occurs during the final retreat of 
the tooth from the pole-piece. These eddy-currents penetrate 
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into the interior of the iron, although to no great depth. 
Clearly the greatest amount of such eddy-currents will be 
generated at that part of the pole-piece where the magnetic 
perturbations are greatest and most sudden. A glance at 
Figs. 62, 65, 76 and 77 will at once tell us that this should be 
at the " leading " corner or *' horn " of the pole-piece of the 
generating dynamo. As a matter of fact, when any dynamo 
which has horned pole-pieces (such as the Gramme) has been 
running for some time as a generator, this is found to be the 
case. The " leading " horns a and c (i, e. those which point in 
the direction of the rotation) are found to be hot, whilst the 
" trailing " horns are found to be comparatively cool. When 
the dynamo is used as a motor, the reverse is found to be 
the case : the " leading " horns are cool, the " trailing *' horns 
are hot. A reference to the magnetic field of the motor, as 
described in Chap. XX., will explain the latter case. Closely 
connected with this eflfect is another, first pointed out to the 
author by M. Cabanellas. A Gramme magneto-machine with 
permanent magnets is observed to lose power during its use 
as a motor ; the field-magnets decrease in strength. If, then, 
it is used as a generator, the field-magnets retain their mag- 
netism. The eflfect is explicable ^ when the magnetizing efifect 
of the eddy-currents is taken into consideration. 

Remedy for Induction TroubleB, — The one important way 
of diminishing these deleterious reactions is happily a very 
simple one. It is clear that the demagnetizing effect is due 
to the lead of the brushes, and this again is due to the cross- 
magnetizing action. This therefore must be compensated or 
reduced to a minimum by some means. It has been shown 
that the electromotive-force of the dynamo is proportional to 
three things, the number n of revolutions per second, the total 
number ^ of magnetic lines in the effective field, and the 
number Z of conductors around the armature. Now, for a 
given size of armature, the inductive reactions are propor- 
tional to Z. If we can decrease Z while increasing either of 
the other terms, we may thereby decrease the deleterious 

^ See remarks by the author at the International Conference of Elec- 
tricians at Philadelphia, 1884 (reported in Electrical Review^ Dec. 13, 1884). 
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reactions and yet keep tlie same electi-omotive-foree as before. 
Now, it is inconvenient for raechanial i-easons to inci'ease the 
spead. The only way then is to increase N' ^''^ magnetic 
flux. This can be done by having relatively big field-nif^uets. 
If the field-magnets are large and of wrought iron, and if 
there b a sufficiently large cross-section of iron in the arnia^ 
ture core, then, without increasing the speed, we may getthe 
same electromotive-force while using fewer turns of wire on 
the armature. The ideal dynamo for constant pressure work 
has but one turn of wire to each section. It will have prac- 
tically no lead at the brushes, will not spark, and its internal 
resistance will be practicail}' nil. 

It is also important to observe the distortion of the 
magnetic field and some of the resulting troubles can be 
partially obviated by so shaping the polar surfaces that they 
come nearer to the armature at the I'Cgion at right angles to 
the diameter of commutation ; the pole-pieces being cut away 
so as to give a wider clearance at the outer edges. It is ob- 
viously possible by proper shaping to produce concentration 
of the magnetic lines at any desired region of the magnetic 
tield. Ryan ^ has made a special study of the relation between 
the polar shape, the breadth of the gap-apace, and the result- 
ing curve of induced electromotive-force. These matters also 
are discussed in Chapter XVI. under the heading of Dynamo 
Design. 

' Jnier. /)«(, EUctHntxl Engineers, Sept. 32, 18B1, 
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CHAPTER V. 

MECHANICAL ACTIONS AND REACTIONS IN THE ABMATURB. 

Drag on Armature Conductors, — Whenever a conductor 
carrying an electric current lies in a magnetic field across the 
magnetic lines, it experiences a mechanical force. This force 
always tends to drag the conductor sideways out of the field, 
and acts in a direction at right angles to the magnetic lines 
and at right angles to the conductor itself. Rules for remem- 
bering the relation between the directions of the magnetic 
lines, the current, and the resulting force, have been given by 
various writers. The most convenient rule is that of Fleming, 
in which the three directions are represented respectively by 
the fore-finger, the middle-finger, and the thumb of the left 
hand.^ Except in those cases where the conductoi-s are 
embedded in slots or holes in the iron core-disks, the drag 
comes on the conductor itself. In a motor it is this drag on 
the conductors which drives the armature. In a dynamo the 
drag acts against the driving power of the steam-engine and 
opposes the rotation. When a mechanical engineer first 
considers a dynamo he is often puzzled to understand what 
there is in it that necessitates so much driving power. He 
sees the armature revolving with ample clearance between thb 
polar faces of the field-magnet. The friction of the bearings 

1 Contrast with p. 23, where, for the current generated in a dynamo the 
right hand is used. Remember that in a dynamo the direction of the 
current agrees with that of the induced electromotive-force, whereas in 
a motor the current flows against the induced electromotive-force. 
Further, in the dynamo the mechanical drag acts against the direction 
of motion, whereas in a motor the drag produces the motion in the same 
directon as itself. Hence the use of right hand for dynamo, left hand 
for motor, to give the relation between magnetism, current and motion. 
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does not nbeorb more than 
a miouU; fraction of the 
horse-power delivered by 
the engine. He sees the 
brushes pressing ugainst 
the commutator, but knows 
that tlieir friction i» ali^o a 
negligible quantity ; more- 
over, he is soon informed 
that friction has nothing to 
do with the openition of the 
machine. Where does the 
power go to ? What is it 
that requires such a force 
to be continually exerted 
to keep up the rotation? 
Tlie answer is, that there is 
a continual drag of the in- 
A'isible magnetic lines on 
tiie couductors through 
which the current is flow- 
ing t that the generation of 
the current depends on the 
conductors being forced 
across the field that drags 
at it. In every form of ** 
apparatus generating cur- 
rents by magneto-electric 
induction, the cuiTents 
generated produce a me- 
chanical reaction tending to 
stop the very motion that 
generates them. 

The drag of a mag- 
netic field upon a conduc- 
tor that carries a current 
may be considered from 
Ibe magnetic point of view. 




Fio. 78. — Maonetic Field Op a 
Straight Cosductor cabbvino 

ACuaHEKT, 




Fio. 79. — Magnetic Lises due to 

COSDfC-roK CAHRVIKQ f.'rRRENT 

PLAi-KDiN Maonetic Fieui. 
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As pointed oat on p. 27. above, such s condacttH' is sarroundi 
by a whirl of nuignetlc lines. Aroand a long straight i 
dacling wire not placed in any magnetic field, these magnetic 
lines form a system of c-oncentric circles (see Fig. 13, p. 27} 
which are close together near tlie conductor, and wider apart 

I at a distance away, resembling Fig. 78 in general disposition^ 

If the current is coming towards the ob»er\-er, or u;), iu 

' the figure which shows a cros»«ection of the conductor, the j 

ipoHitive direction along the magnetic lines will be counter- 
clock-wise. If now such a conductor be placed in a uniform 

magnetic field — one, for example, between a laige 
magnetic pole on the right and a south magnetic pole on then 
left, a compound field will be produced, due to the blending" 
of the magnetic lines of the current with those of the field. 
In considering this distorted magnetic field it should be 
remembered that the mechiinical actiona tliat result may 
always be known by supposing the magnetic lines to act a 
elastic cords tending to shorten themselves. There is in facti 
a tension along the magnetic lines and a pressure at rightl 
angles to them, both propoi f ional at every point to thol 
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square of their density. A mere inspection of the lines of 
Fig. 79 will accordingly show that there will be a resultant 
drag upon the conductor in the direction shown by the dotted 
arrow. 

The actual magnetic field produced around a conducting 
wire in a gap beln een two poles, as revealed by iron filings, 
is shown in Fig. 80. We may consider tliis as approximately 
representing that which goes on in a dynamo, or in a motor, 
ill each of the gap-spaces IkiUveen the armature core and the 
adjacent polar space. Each conductor in tJie gap will be 
tsimilarly draped by a force proportional lo the intensity of 
tlie magnetic Seld and to the strength 
of tlie current. 

Effrvt of Embedding Armature 
Cimductom. — Tf tlie conductora are 
embedded in slots or holes in the 
core-disks (see Figs. 213 to 217) the 
<lrag then comes not upon ihe foi>per 
conductors, but upon the iion ; the 
magnetic field between the coi'e-disk 
and tlie pole-faces heing distorted by 
the current in the imbedded con- 
ductors. In fact the conductor no 
longer lies in a strong magnetic field : 
the magnetic lines being carried past 
it on either side, very few going through it. Fig. 81 may 
assist the understanding of this point. It seems paradoxical 
that though the conductor so imbedded is protected from 
mechanical drag, and fixtra eddy-cuiTents, owing to its not 
lieing in the field, nevertheless in its revolution it still cuts 
all the magnetic lines precisely as if it were not protected, 
The effect is as though tiic magnetic lines flashed across the 
filota from tooth lo tooth, instead of jjassing aci-oss the inter- 
mediate slot iit tlit^ ordinary angukr velocity. In addition 
to the advantages already mentioned as possessed by these 
forms of construction they liave also the very important one 
of reducing the breadth of the magnetic gap to a mere 
I -lea ranee. 
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Torque and Speed. — Engineers recognize that power, being 
the rate of doing work, can always be expressed as the 
product of two factors. In the case of rectilinear motion, 
the power may be expressed as the product of force and 
speed. For example, if the force pulling along a belt ^ be 
equal to the weight of 66 lbs., and the belt^peed be 2000 
feet per minute, the amount of power it is delivering is 
132,000 foot-pounds per minute, or 4 horse-power. 

But the power may be equally well expressed in terms of 
angular force (i. e. torque) and angular speed ; and these 
quantities are more convenient in the case of power trans- 
mitted along a rotating shaft. 

The useful term torque, now generally accepted by engineers, 
was originally suggested by the late Professor James Thomson. 
It is the same thing as that which has gone by the names of ^ ^ turn- 
ing moment," *' moment of couple," *' axial couple," '^angular 
force," ** axial force," in German by that of *' Zugkraft," and in 
French by those of *' effort statique," and '* couple m^canique." 
Torque is preferable in many ways to any of the older terms. Just 
as the Newtonian definition oi force is that which produces or tends 
to produce motion (along a line), so torque may be defined as that 
which produces or tends to produce torsion (around an axis). It 
is better to use a term which treats this action as a single definite 
entity than to use terms like *' couple "and "moment," which 
suggest more complex ideas. The single notion of a twist applied 
to turn a shaft is better than the more complex notion of applying 
a linear force (or a pair of forces) with a certain leverage. 

For torque we shall use the symbol T. If force / acts 
with leverage (i. e, radius) r, the torque is equai to/ X r. 
If the force is in pounds' weight and radius in feet, the 
torque will be expressed in pound-feet ; L e. in terms of the 
number of pounds which, acting with a leverage of one foot» 
would produce an equal tendency to turn. If force is given 
in dynes and radius in centimetres, the torque will be 
expressed in dyne-centimetres. 

1 Or more precisely, the difference between the forces in the tight and 
slack parts. 
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In order to bring— 



dyne-oentimetrea to gramme-oentlQietreB, divide by 981 
dynD-oontlmetreB to mBtre-kilogmmniea, dlylde by 981 X l* 
dyne-centlmetroH to pound-Ioet. divide by 19'50 X 'O* 

poiind-(eet lo meLre-kilogramoieB. dlviiie by T-33. 



Angular speed is commonly expressed by engineers ia ] 
terms of the number of revolutions per minute, or, sometimes, j 
of revolutions per secoDd. The scientific mode Is to express I 
it in radians per tecond. (The radi-in is that angle whose are J 
equals the radius ; so that 2 r radians equal one revolution o 
360°.) Th&symbol for angular speed is v>, so that if n repre- \ 
sents the revolutions per second, w — 1 

lu order to bring:— 



revoIiitloQa per uuu 
lodiana per seoond 



per mlaute to revolutJonB per seoond, divide by 60 
per BeooDd to radiuQB per sewind. multiply by 2 « 

~ '" "■» to rndinns per aeeood, divide by 9' S5 

to revolutions per minute multiply by 0-65 



We have then the following relations between linear 
force/, linear speed v, torque T, angular velocity <i, radius r, 
revolutions per second n, and power w. 

w = v.f=~.fr = ^T:=-2^n']:. 

The power tc will Ije expressed in erge per second, if n ib 
given in centimetres per second and /in dynes; or if T is 
given in dyne-centimetres. If T is in pound-feet, w will be 
expressed in foot-pounds per second. 



In order to bring : 



erga per eeoond 

ei^s per seoond 

ergs per seoond to root-pauods per seoond, 

WgB per seoond to borse-power, 

mttts to horse-power, 

W»tto to ohevaui-vapoor, 

watts to tooC-pouode per second, 

mtta to kilowatts, 

kllowatte to horse-power. 



watts, divide by Ik, 

kilogram tne-metrea per seoond, divide by B-81 X '^^ 
divide by 1-S5a X 10' 
divide by 7*6 X lO' 
dirtde by 740 
divide by 730 
divide by 1-358 
dlride by 1000 
mulUply by 1-345 



n 
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OutptU of Dynamos and Motors. — A good dynamo will 
convert over 90 per cent, of the mechanical power supplied 
to it into electric power. Similarly a good motor will con- 
vert over 90 per cent of the electric power supplied to it 
into mechanical power. Both mechanical power and electric 
power may be expressed in terms of the same imits, either in 
horse-power^ or in wattSy or in kilowatts. 

Approximate calculations of the horse-power required for 
a dynamo of any prescribed output are readily made. Multi- 
plying the number of amperes C of current which the dynamo 
is to yield, by the number of volts e of pressure at which the 
current is supplied, gives the output in watts. Dividing by 
746 gives the corresponding electric horse-power, which will 
be about 90 per cent, of the mechanical horse-power to be 
supplied to the shaft of the dynamo. 

Example : A dynamo is required to furnish 300 amperes (to light 
600 glow lamps) at a pressure of 105 volts. Output is 81, 500 watts 
= 42*2 horse-power (electrical). Therefore, allow 46-9, or say 50 
(mechanical) horse-power. 

In the converse way we may calculate the requisite supply 
of electric power to a motor. 

Example : A motor is required to give an actual output of 5 horse- 
power. Multiplying by 746, we find it must give out 3730 watts as 
mechanical power ; which will be about 90 per cent, of the elec- 
trical power supplied to it. This will therefore need to be about 4144 
watts. If the supply is from mains that are at a pressure of 200 
volts, the current required will consequently be a little Ibver 21 
amperes. 

Relation between Torque and Current. — Since the electric 
power given out by the armature of a dynamo is the product 
of two factors — volts and amperes — and the mechanical 
power supplied to it by the rotating shaft is also the product 
of two factors — speed and torque — it becomes a matter of 
some interest to ascertain whether there is any direct relation 
between the factors themselves. Let E stand for the volts 
generated in the armature, and Ca for the amperes flowing 
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through it. We may thea equate the two separate ex- 
pressions for the number of watts of power supplied to aud 
furnished by that armature as follows : — 

watta=E a=27rnT X 1-356; 

vhere T is given in pound-feet; n in I'evolutions per second; 
E the whole volts generated by the armature ; and C^ ^ 
whole ampei'es flowing through the armature. But E is pro 
portional to the speed if the magnetism is constant, the 
fundamental expression for it being (see pp. 46 and 170) for 
an ordinary two-pole machine, 

E = « Z N -^ 10^; 

where Z is the number of conductors around the armature, 
and N t-I'^ magnetic flux through its core. Inserting this 
value for E, and cancelling n from both sides, we get: 



z NC. 



= 2^T; 



ZNC 

8-52 XlOB 



= T (in pound-feet).> 



From this it appears thut if in a given machine the mag- 
netism is constant, the torque depends in no wise upon the 
speed, but only upon the current flowing through the arma- 
ture, and on the magnetism. 

These expressions apply equally to dynamos and to 
motors. They show that if it is desired to build slow-speed 
machines provision must be made for a very large magnetic 
flux ; for only by making N large can the dynamo at slow 
speed yield the requisite volts, or the motor exert the needful 
torqne. 

A number of curves, called viechattical characteristics, giving 



■ If T is desired in metre-ttilogram 
replaced by the value 61-5 X IC- 
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the relations between speed and torque in a number of differ- 
ent cases, wiU be found in Chapter XX. 

Drag on Armature ConductorB. — We are now in a position 
to understand the drag on the armature. Setting aside for 
the moment the case of embedded conductors, we may at 
once proceed to calculate the amount of such drag. There 
are three methods of doing this : two being electrical and one 
a purely mechanical calculation. 

Method I. — By the last formula the torque is calculated; 
and from this the total peripheral force is found by dividing 
by the known radius of the armature. Hence the force 
per conductor is obtained by dividing the number of active 
conductors. 

Example in the Edison Hopkinson dynamo (Fig. 287), Ca = 326 ; 
Z = 80 ; N = 10,850,000 ; radius = 0458 feet ; whence T = 332 
poimd-feet, and total peripheral force = 724*7 lbs. This would 
give about 9 lbs. average force per conductor if all were active ; 
but only about 58 of them are in the magnetic field at one time ; 
hence, the average force per conductor is about 121 lbs.. If the 
magnetic field in the gap-spaces is not imifofm there comes a 
stronger drag on those conductors which lie in the densest field. 

Method II. — The drag on a conductor of length Z, in a 
magnetic field of intensity H> carrjring current of Camperes, is 

/ (dynes) = C Z H -^ 10. 

This formula ^ is only applicable if H» the density of the field 
in the gap-space, is known. If V and H// *re given in inch 
measures (see p. 126), the formula becomes 

/ (lbs.) = C r H./ -^ 11,303,000. 

Example^ as before : Current in any one oonduotor will be i C% 
= 163 amperes ; V = 20'', and H// = about 48,S0O lines perequaxe 
inch, the area of the gap-space hems^ Aboa| 
Whence drag on each conductor 

1 To give/ in kilogramme 



■ ' ''J 
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Method HI. — Ascertain actual Iiorse-poi\-er on armature ; 
multiply by 33,000 to reduce to foot-pounds per minute, and 
divide by the peripheral speed (in feet per minute), [The 
horse-power may be reckoned from the electrical output as 
on p. 102]. Then divide by the number of active conductors. 
Or, in symbols. 



/(lbs. average drag per conductor) ^ 



II. P. X 3.3.0QO 
ft. per min. -•- Z' 



ExamjAe, same as before : Since i, = 326, and E = 106-B volts, 
E- P. =326X108-5 -H 746 = 4745. Also periphery = Z^Xradius 
= 2-88 feet. This, at 750 revs, per minute, gives 21fl8 feet per 
rainute as peripheral speed. Assuming fifty-eight conductors to 
be active, we get 



'. force on each conductor = 



■17'45 X 33,(100 



= 12'5 pounds. 



A convenient approximate rule may be given as follows : — 
If we assume, as a sort of rongb average for the magnetic 
field in the gap-space of a dynamo or motor, the value of 
40,000 lines to the square inch, or say 6300 lines per square 
centimetre, then the drag per i7ich of conductor will he 0'00354 
pound/or each ampere of current carried. In alternate-current 
dynamos the intensity of the field is seldom more than half 
as great as this. 

Such, then, is the drag that magnetic fields exert upon non- 
embedded armature conductors ; and, it must be remembered 
that the drag is not a steady one. When the conductor 
emerges from the gap-space, thougii there is still a current in 
it, the magnetic drag is taken off. Twice, therefore, in each 
revolution this drag is suddenly removed and suddenly put on 
again, increasing the racking action. In the case of alternate- 
current machines, where the relation of phase between the 
currents and the magnetic fields complicates the matter, the 
drag ia not simply taken off and put on twice in each com- 
plete period, but is actually reversed; the armature con- 
dnctora being driven with a back drag on them, then 
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experience a forward drag and tend to drive, then once more 
are driven, and again tend to drive as the current reverses. 
In the alternate-current machine acting as a generator the 
intermediate forward drags are slight and of short duration ; 
in the machine acting as motor it is the backward di*ags that 
are of short duration. 

It must further be remembered that the conductors of the 
rotating armature are also subject to centrifugal force, and 
must be strongly held in with external binding-wires, or 
wedged in between the tips of the teeth, if not canied 
through holes in the core-disks. 

Need of Driving Horns, — It is then obvious that under the 
mechanical conditions now described, if the conductors are 
not imbedded in the iron cores there is need of a good posi- 
tive method of conveying the driving power to them from 
the shaft. In the dynamo, it is they that need to be driven. 
In the motor, it is they that drive the shaft. The question of 
construction is complicated by the consideration that whilst 
the copper conductors must be mechanically connected to the 
shaft in the most positive way, they must not be metallicly 
connected, but on the contrary, must be insulated therefrom. 
Different conductors adopt different modes of accomplishing 
the end in view. Some makers key on to the shaft a strong 
liub provided- with sfM^es that project beyond the surface of 
the core-disks, and, protedt^d by layers of adequate insulation, 
thus drive the copper condactors. Others secure the core- 
disks mechanically to the shall^|d insert wedges of wood or 
of hard fibre into nicks in the periphery to serve as driving- 
horns. In cases where toothed core-disks are used, no other 
driving^horns are- necessary. Compare the practical modes 
adopted by modern niakei"s described in Chapter XIII. 

Stray Power. — In the preceding paragraphs it has been 
assuxned that the mechanical power applied at the shaft to 
dri^e the armature was equal to the electrical power actually 
generated in the armature. The power to be applied at the 
pulley is, however, always greater than this ; for, in the first 
place, some of the applied power is lost, by friction in the 
bearings, etc., and never reaches the armature. But of that 
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which actually reaches the ai-mature, not all is actually con-j 
verted into electrical power. There are, beside the friction I 
at the bearings and brushes, three sources of loss, viz. , (1) I 
air-friction, (2) hysteresis, (3) eddy-currenta. The first of I 
these is insigniScant, except in those cases where curved I 
spokes are employed with the object of niakiug the armature I 
act as a fan, and even then is small. Tlie second is by no I 
means negligible, but seldom adds more than lor 2 percent, to 1 
the driving power. The third is the most important of all^ 
especially in large machines. In all the moving metal masses, 1 
unless laminated, there will be eddy-cun-ents set up if they I 
cut magnetic lines. Even in the metal of the shaft, power 1 
may be lost fi-oni this cause if there is leakage of magnetic 1 
lines into it, Tlie mode of investigating tlie separate sources j 
of loss ifl described in Chapter XXX. on the Testing of Dy- 1 
naraos and Motora. Whatever these losses, it is evidentthat I 
they all call upon the supply of power : for the power sup- I 
plied is necessarily equal to the sum or the power actually 
converted in the armature into electric power, and the stray 
power wasted in the ways enumerated. 

Efficiency of Dt/namoi and ^ofor*. ^Efficiency is a terra I 
used in several senses, which it is well to distingnisli. 

(1) Efficiency of Conversion or Qro»» Efficiency, is tlie ] 
relation between the gross electrical pow^actuallj' converted J 
in the armature, and tlie gross mechanical power imparted by j 
belt or coupling to tlie shaft. If 12 per cent, of the grosa J 
mechanical power is lost iK friction at the bearings, friction I 
at tlie brushes, air-friction, hysteresis, and eddy-curi-ents, then j 
the remaining 88 per cent, being actually converted in the I 
armature, we should describe the efficiency of convei-sion as I 

• 88 per cent. 

(2) Electrical Efficievcy OT Economic Coefficient, \s ihe raWa I 
between the nett electric power or nett output of the dynamo, 
and the gross electric power, or power actually converted in 
the armature. Thus, if in a shunt dynamo 3 per cent, of tho ' 
gross electric power is wasted in heating the resistance of Iho 
axmature, and another 3 percent, is wasted in maintaining' 
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the magnetizing current in the shunt winding, the output or 
nett electric power will be only 94 per cent, of the gross 
electric power; or the electrical efficiency is 94 per cent. 
This ratio depends only on the resistances of the machine. 
In modem machines it may even attain 97 per cent, 

(3) Commercial Hfficiency^ or Nett Efficiency^ is the ratio 
between the iiett electrical output and the gross mechanical 
power supplied by belt or coupling. It is therefore equal to 
the product of the efficiency of conversion and the electrical 
efficiency. In the example given it is 94 per cent, of 88 per 
cent., or 82-72 per cent. 

Relation of Size to Capacity and Efficiency. 

There has been considerable controveray upon the relation 
that subsists between the linear dimensions of similar machines 
and their permissible output and their efficiency ; the diverg- 
ency of views arising mainly as to the assumptions that are 
suitable at the outset. A few things are certain; for 
example, the power of getting rid of the heat is only pro- 
portional to the surface. It is generally safe to assume that 
peripheral speeds will not vary much between large 
machines and small. Amongst those who have discussed the 
problem are Hopkinson, Frolich, Ayrton, Mascart and 
Joubert, Kapp, Storch, Rechniewski, and Pescetto. Accord- 
ing to Hopkinson ^ the capacity of similar machine^ is pro- 
portional to the cuhe of their linear dimensions ; the work 
wasted in magnetizing the field-magnets is proportional to 
the linear dimensions, whilst that wasted in heat in the 
armature conductors is proportional to the square of the 
linear dimensions. Mascart and Joubert * place the capacity 
as low as the square of the linear dimensions, and draw the 
conclusion that small machines are preferable to large ones. 
Prescott^ arrives at similar conclusions. Rechniewski* 

1 Proc, Inst, Civ, Engineers, April, 1883. 

• Leqom 8ur V^lectriciti, (1886), ii. 815. 
» uhectHcien, xi. 357, 1887. 

* La LumUre £lectrique, xxii. 311. 
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follows Hopkitison in assigning n* as the proportional in- 
ci-ease in the capacity of a machine if ita linear glze is 
creased » timed. Frtilich*^ assigns the value n*, and criticises 
the rule of the fifth power given in 1882 by the author of 
this work and by Deprez, as involving an increase of «^ in the 
current whilst there is an inci-ease of only ii'in the section of 
the conducting wires, which is clearly impracticable. Storch^ 
considers constantrcurrent machines to be in a different cat- 
egory from constant-potential machines. Assuming equal in- 
tensity of magnetic-field, equal periplieral velocity, and equal 
permissible current density, he findH tliat in all machines the 
ampere-tunis requisite for excitation vary as the linear dimen- 
sions. For constant-current machines the capacity is pro- 
])oitionaI to n^ that is to say to the weight of the machine, or 
to tlie volume of copper on the armature. For constant- 
potential machines he finds the total length of wire on the 
armature to be independent of the dimensions of the 
machines ; the number of external armature conductors to 
vaiy inversely as the linear dimensions ; whilst the capacity 
of the machines is found to vary as Ji*. though with undue 
beating, unless the volume of copper on the armatui-e is also 
increased as n*. Storch and Ilechniewski agree with Hop- 
kinson that the work lost in field-magnets decreases relatively 
to that lost in armatures, witli an increase in the linear di- 
mensions. On the other hand, increase in the size of the 
moving masses increases the liability to waste of power by 
eddy-currents. Kapp * proposes tliat the speeds of rotation 
shall be assumed to vary inversely as the linear dimensions, 
80 as to put all machines into equal conditions as regards 
strains from centrifugal force, and that all the similar 
machines shall be considered as being worked up to the same 
safe limit of heating. This involves that the work wasted 
internally in heat shall be proportional to surface or as 1 : 1?. 



' Die dynamoeleklriache Maxchine (1686), p. 168. 

' CentraOhtt /flr EUktrotechnik. viii. 544. 594, and 743, 1S86. 

* Proe. Inst. Civil Engineers, laxiiii. 36, 1886. 
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The resistances, both magnetic and electric, of the field- 
magnets will be proportional to n~^, and the exciting powers 
to ni. The intensities of field will be proportional to nS, and 
the electromotive-forces to n\. The diameters of wires allowed 
are as n^ on the magnets and n\ on the armatures ; the re- 
sistances of armatures will be proportional to n-\ and the 
permissible current to rfi. It follows at once that the capac- 
ities of the machine (in watts) will vary as n^J, whilst the 
work wasted will vaiy as rfi : hence the economic coefficient 
will increase with the size of the machine. Kapp gives the 
cost of machines as proportional to n^, whence it follows that 
the cost of a dynamo per lamp varies inversely as its linear 
dimensions. He gives the following illustrative table : — 

Diameter of armature (inches), 10 15 

Revolutions per minute 1000 S70 

Number of glow-lamps 150 020 

Weight (in tons) 0'5 1*7 

Price low. 27«. 

Price per lamp ISs.id. Ss.llcl. 

Electrical efficiency (per cent) SO 89 

Ayrton' assumes that the speeds of similar machines may 
be safely put as inversely proportional to the square-roots of 
the linear dimensions or as to n~h instead of n~^. In the 
larger machines the smaller relative space required for clear- 
ance makes admissible the increase of the current in propor- 
tion to v?. But this increased current would magnetize the 
iron more highly in proportion, and the electromotive-force 
would be greater than ni, probably nearer n^ ^ bringing up 
the capacity to be proportional to rfl^. 

The common opinion of dynamo constructors appears to 
be that the capacity of dynamos is, for similar machines, a 
little greater than in proportion to the weight. 

Esson 2 has discussed this question from the point of view 
of multipolar machines, and finds it a matter of appropriate 
design whether the efficiency increases or decreases when 

1 Proc. Inst Civil Engineers, 116, 1886. 

* Joum, Inst Electrical Engineers, xix. 164, 1890, and xx, 265. 1891. 
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machines are enlarged in size. He also points out that in 
increasing all linear dimensions there is greater relative inter- 
ference of the armature, tending to produce sparking and so 
to limit the output. He therefore concludes that the output 
will not he proportional to weight, t. e. to n^ unless with the 
larger sizes the surfacenspeed is somewhat increased. 
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CHAPTER VI. 

MAGXETIC PBINCIPLES ; AND THE MAGNETIC PROPERTIES OP 

IROX. 

As all dynamo-electric machines are based on magnetic 
principles, it is needful that these should be understood fully. 
If we once know the relation that subsists between the ex- 
citing current and the magnetism that is produced by it, we 
can apply this knowledge to the design of dynamos : for such 
knowledge will enable us to calculate beforehand the size of 
field-magnet and the number and gauge of windings that will 
be required in a dynamo that is to furnish any given amount 
of electric energy. It will be necessary first to define the 
terms used ; then we shall give some account of the facts 
relating to the magnetic circuit, and of the properties of iron 
and steel of different kinds. In Chapter VII. follow the 
method of calculating the reluctance of the magnetic circuit ; 
some examples and useful rules will be given ; and lastly, the 
various forms given to field-magnets will be discussed, and 
calculations respecting them given. 

Defixitions and General Properties.^ 

Unit Magnetic Pole, — The unit magnetic pole is one of 
such a strength, that when placed at a distance of 1 centimetre 

^ It is strongly recommended that the reader should taake himself 
familiar with the elementary theory of magnetic phenomena. The 
author*s Elementary Lessons in Electricity and Magnetism^ published by 
Messrs. Macmillan and Co., will explain the terms and fundamental 
facts. The author's work on The Electromagnet ^ published by Messrs. 
8pon, contains a fuller account of the magnetic properties of iron, and 
the design and construction of electromagnets. Prof. Swing's work on 
Magnetic Induction in Iron and other Metals is a standard book of 
reference. 
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(in air) from a pole nf equal sti-eiigth, it repels it with a 
force of 1 dyne. 

Intensity of Magnetic Field.— Vfe have seen in Chapter HI. 
that eveiy magnet. is surrounded by a certain " field." within 
which magnetic force is observable. We may completely 
specify the propeiliea of the field at any point by measuring 
tlie strength and the direction of that force — that is. by 
measuring the "^ intensity of the field" and the direction of the 
lines of force. The ^^ intensity of the field" at any point i» 
turatured by the force with whteh it acts on a unit magnetic pole 
l>laced at that point. Hence, unit intensity of field ia that 
intensity of field which acts on a unit pole with a force of one 
ilyne. There ia therefore a field of unit intensity at a point 
one centimetre distant from the pole of a magnet of unit 
sti-ength. Suppose a magnet pole, whose strength is m, 
placed in a field at a point where the intensity is Hi then the 
force will be m times as great as if the pole were of unit 
strength, and the amount of tlie force (in dynes) can be cal- 
culated by simply multiplying together the strength of the 
magnetism of the pole and the intensity of the field; or, 

f=m X H- 
Magnetic Lities. — It is possible, in every magnetic field, to 
diBW through any given point, a line in such a direction that 
it represents the direction of the magnetic force at that point 
of the field (Fig. 10, p. 24). The iron filing curves formed 
round magnets show the forms of the otherwise invisible mag- 
netic lines. Even when such lines are not actually dra\ni, 
tliey may be supposed to be drawn ; we may even conceive 
the whole of the space in the magnetic field to be traversed 
by such lines. Faraday was the first to give a quantitative 
signification to the conception of magnetic lines. We may- 
use them to specify not only the direction, but also the mag- 
nitude of the magnetic forces by adopting the following con- 
vention : — Let theie be drawn as many lines per square 
centimetre of cross section nf the field as there are dynes of 
force (on a unit pole) at the i)oint in question. The symbol 
H may then be read to mean either the number of dynes on 
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a unit pole, or the number of lines per square centimetre in 
air; it also may, as we shall presently see, be read to mean 
the amount of magnetomotive-force exerted, per unit lengthy 
along the field. 

The convention of magnetic lines enables us to see more 
clearly what is meant by magnetic flux ; for looking at Fig. 10, 
we see the lines issuing from one |>ole of the magnet like a 
stream spreading out over the suiTounding space and flowing 
in at the opposite pole. Just as the total number of stream- 
lines. of a liquid remains the same throughout the whole path^ 
so the total number of lines of a magnet passing through a 
section of the path is the same whatever section we take, pro- 
vided that our section cuts across the whole of the path. This 
total number is called the magnetic flux^ and is symbolized by 
the letter N« The lines pass through the bar-magnet, Fig. 10, 
as well as the sunounding space, and thus make a complete 
magnetic circuit. If the ends of the bar were bent round and 
joined, so as to form a completely continuous ring, then all 
the lines would circulate within the metal of the magnet, and 
none in the air surrounding it. We should then speak of the 
ring as a closed magnetic circuit. In the dynamo we try to 
attain this metallic continuity of the circuit as nearly as pos- 
sible, consistently with the movability of the rotating parts. 

Though the definition of a magnetic line in the air is con- 
nected with the force upon a magnetic pole, we are not so 
much concerned (while considering dynamos), with the forces 
(exerted on poles by the lines), as with that other phenomenon, 
the induction of an electromotive-force when a conductor is 
moved across the lines. Indeed, thougli we have said that 
the magnetic lines are continuous throughout the entire cir- 
cuit, it is really only in so far as their property of generating 
an electromotive-force is concerned, that they can be regarded 
as continuous ; for the force inside a magnetic material, such 
as iron, is not represented by the number of magnetic lines per 
square centimetre, as will be shown when we come to speak 
of magnetomotive-force. It is only in air, and equally non- 
magnetic substances that the force is represented by the 
number of lines per square centimetre. We therefore rather 
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use ibe expression " magnetic lines," when speaking of tlie 
flux through magnetic material, in contrast to " the lines of 
force" which emerge into the air. Tlie two are continuoua 
throughout the circuit, and in the air the magnetic lines are 
the lines of force. Where the lines which represent the direc- 
tion and amount of any vector quuntity, as, for example, 
magnetic lines or lines of electric flow, ai-e closed on them- 
selves so as to form a ciifiiit, the distiihution of the vector 
quantityissaid tnhe inrruital. The number of magnetic lines 
])er centimetre of cross section of the magnetic material is 
aptly called the flux-density, and is usually denoted by B- 
The magnetic forcein the material is as before denoted by Hi 
which in fact represents the number of magnetic lines that 
would exist in the space if the magnetic material were re- 
placed by air while the same causes producing magnetization 
still existed. 

The idea of a magnetic circuit was more or less familiar 
to Ritchie,! Sturgeon," Dove,^ Dub,* and De la Rive,^ the 
last-uamed of whom explicitly uses the phnise "a closed 
magnetic circuit." Jonle^ found the maximum power of an 
electromagnet to be proportional to " the least sectional area 
of the entire magnetic circuit," and lie considered the reais^ 
ance to induction as proportional to the length of the magnetic 
circuit, Faraday" considered that he had proved that each 
magnetic line conatitiftes a closed curve ; that the path of 
tliese closed curves depended on the magnetic conductivity of 
the masses disposed in proximity; that the magnetic lines 
were strictly analogous to the lines of electric flow in an 
electric circuit. He spoke n[ a magnet surrounded by air 
being like unto a voltaic battery Immersed in water. He even 
saw the existence of a power, analogous to that of electro- 

' Phil. Mag., seripa iii. vol. iM. 122. * Atm. of Electr.. xii.2n. 

• piJgg. Ann., xxix. 462, 1888. See also Fogg. Ann., xliii, 517, 1888. 
< Dub. Elfktromagnflimiua. p. 401 (ed. 1816) ; and Fogg. Ann. 

440. 1A% 

• De la Rive, TreatuK <m EUttrioity (Walker's translation), i. 80S 

• ^nii. of Electr.. iv. .W. 1839 : v. Iftfi. IMl ; and ScienhfiC Papert. pp. 
8. 94, 35. 36. 

' Erpmmental Renearchfi. vol. iii. ftrta. 3117. 3228. 3230, 3260. 8371, 
3S76. 3294 and 8861. 
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motive-force in electric circuits, though the name magneto- 
motive-farce is of more recent origin. The same idea is more 
or less implicitly recognized in the latter half of the magnetic 
papers in Lord Kelvin's collected volume on Electrostatics 
and Magnetism. Rowland ^ in 1873 expressly adopted 
the reasoning and language of Faraday's metliod in the 
working out of some new results on magnetic permeability, 
and pointed out that the flow of magnetic lines of force 
through a bar could be subjected to exact calculation ; the 
elementary law, he says, "is similar to the law of Ohm." 
Writing R for the " resistance to lines of force," M for " mag- 
netizing force of helix," and Q for number of " lines of force 
in a bar at any point," he wrote, for a particular case (a ring- 
magnet, having therefore a closed magnetic circuit), the 
equation, 

M 

Q = -; 

R 

an equation for magnetic circuits which every electrician will 
recognize as being precisely like Ohm's law. He applied the 
calculations to determine the permeability of certain specimens 
of iron, steel and nickel. In 1882,^ and again in 1883,* Mr. R. 
H. M. Bosanquet brought out at greater length a similar 
argument, employing the extremely apt term " Magneto- 
motive force," to connote the force tending to drive the 
total flux of magnetic lines through the " magnetic resistance " 
(or reluctance) of the circuit. In these papers the calculations 
were reduced to a system, and deal not only With the specific 
properties of iron, but with problems arising out of the sha2>e 
of the iron. Bosanquet showed how to calculate the several 
reluctances of the separate parts of the circuit, and then add 
them together to obtain the total reluctance of the magnetic 
circuit. 

1 Phil, Mag. J series iv. vol. xlvi. August 1873. **On Magnetic Per- 
meability and the Maximum of Magnetism of Iron, Steel, and Nickel/' 

2 Proc, Roy, Sac., xxxiv. 445, December 1882. 

* Phil. Mag,, series v. vol. xv. 205, March 1888. ** On Magneto-motive 
Force." Also ibid., vol. xix. February 1885 ; and Proc, Roy. Sac,, No. 
223, 1883; see also Electrician, xiv. 291, February 14th, 1885. 
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In 1886, Mr. Gisbert Kapp,' and independently Dib. J. and 1 
E. Hopkiiison.* introduced magnetic-circuit calculations into \ 
the designing of dynamo-electric machines. These methods J 
we shall further consider in the next chapter. 

We have seen that Ni ^t'^ magnetic flux from pole to pole 
of the field-magnet, ia an important quantity in the determi- 
nation of the electromotive-force of a dynamo. Since this 
total flux depends on (i.) the magneto-motive force, and tii.) the ' 
reluctance of the magnetic 
circuit, it is necessary to 
give some consideration to 
these two quantities, 

1. Maffnetomolive-Force 
or Total MagnetizingPower 
of Electric Current cb'cu- 
lating in a CoQ. — It is found 
that when a current flows 
along in a wire that is 
coiled in sevei-al tuiiis 
around a core (Fig. 82), and 
is thus made to circulate 
around an interlinked mag- 
netic circuit, the magnetising power is proportional both 
to the strength of the current so cireulating and to the 
number of turns in the coil. The magnetizing power is in- 
dependent of the size or material of the wire, and of its 
shape, and is the same whether the spirals are close together 
or wide apart. If S stands for the number of tpirah in the 
coil, and C be the number of amperes of cuiTent that are flow- 
ing, then C multiplied by S will he the number of ampere-turns 
of circulation of current. It is experimentally proved that 
twenty amperes circulating around five turns exert precisely 

' Jotimal Soc. Telegraphic Engineers ami Eleetridana, xv. 534-S3B, 
Noveiaber 11th, 1880. "On the Predeteraiination of the Characteristics 
of Dynanios"; a very valuable paper marred by mixed uuils. Those 
who wish to study eiaraples of this mode of calculating, will fliid sonift 
examplee in a paper communicated by Professor Jamieson in Jan. 1889, 
to the Inttitiition of Engineers and Shipbttilders in Scotlaitd; vide 
EUetrician. March 1, 1889. » Phil. Trans., port i. p, 831, 1886. 
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the same magnetizing power as one ampere circulating one 
hundred times, or as one hundred amperes circulating once 
around the core. In each of these cases the circulation of 
current is one hundred ampere-turns. To calculate from this 
the value, in absolute C.G.S. unit3, of the magnetomotiye- 
force, it is requisite to multiply the ampere-turns by ^ », or 
by 1*257. Or, in symbols, 

Magnetomotive-force = 1-257 X C S. 

It is possible to avoid the use of this multiplier by taking 
the ampere turns themselves as the magnetomotive-force. In 
that case one applies a coefficient to the calculation of the 
reluctance of the circuit (see p. 146). 

Some writers ^ call the magnetomotive-force the " line- 
integral of the magnetic forces." The reason is as follows : — 
In a field of intensity H^ ^ ^^^^ magnetic pole experiences a 
force numerically equal to H \ ^^d if the unit were moved 
against this force once around a closed path of length I (like 
the dotted line in Fig. 82), the work done would measure the 
integral magnetic force. Hence along a length I in a field of 
intensity H *'he magnetomotive-force is equal to H X /. Hence 
it also follows that the intensity of the field along a uniformly 
wound coil is expressed by the formula : — 

H = 1-257 X C S ^ ?. 

In other words is proportional to the ampere-turns per 
unit of length. 

There are some analogies between a magnetic circuit and 
an electric circuit, which considerably simplify the magnetic 
principles relating to dynamo construction.^ 

Just as there are some materials which conduct the electric 

1 See Maxwell's Electricity and Magnetismy vol. ii. art. 499 ; or S. P. 
Thompson's Elementary Lessons on Electricity and Magnetism (edition 
of 1895), p. 334. 

3 It should be observed that, though for the purpose of this simpli- 
fication, it is allowable to draw an analogy between an electric cir- 
cuit and a magnetic circuit, the true magnetic analogue of an electric 
circuit (in which energy is being continually transported) would be a 
circuit in which energy is being transported by the passage of " free 
magnetism ; '* but no conductors of magnetian in this sense are as 
yet known. 



current better than others, so there are some material which 
conduct the magnetic flux better than others. The reluctance 
or resistance of a circuit in each ease is proportional to the 
length of the path, to the reluctivity or resistivity of the 
material, and inversely propoi-tional to the cross section of 
the path. Just as in a battery the total electromotive-force 
is made up of the separate electromotive -forces of all the cells 
joined in series, so the total magnetomotive- force in a mag- 
netic circuit is the sum of the magnetomotive-forces sepa- 
rately produced by each coil of wire. If the magnetic circuit 
is branched (as in the Manchester dynamo shown in Fig. 101, 
No. 24), then the coils on the separate branches do not have 
tlieir foi-ces added together, but are analogous to batteries 
placed in parallel with each other. 

We have a difference of magnetic potential between the 
ends of core wound with a magnetizing coil just as we have 
a difference of electric potential at the terminals of a cell. 
As we go along the magnetic circuit the potential falls by an 
nmount equal to the reluctance of the path multiplied by the 
total flux. The iron inside a magnetizing coil may be said 
to be for the purpose of diminishing its " internal " reluc- 
tance. We have stout iron frames for our dynamos in order 
that the magnetic pressure of the coils may be transferred to 
the armature without appreciable " drop." The fall of mag- 
netic potenial in a column of air per centimetre of lengtli is 
numerically equal to the fiux-tlensity. Therefore, to calculate 
the magnetomotive-foi-ce necessary to create a certain flux- 
density in a certain air.space, we have only to multiply the 
flux-density by the length of the air-space. 

Thus to produce a flux-density of 10,000 lines per square 
centimetre in an air-gap 1 centimetre in length will require 
a magnetic pressure of 10,000 gausses, a gauss being the 
magnetomotive-force required to produce unit flux-density 
in an air-space 1 centimetre in length,' One ampere-tum 
produces a magnetomotive-force of 1-257 gausses, so that to 
produce a flux-density of 10,000 in an air-gap 1 centimetre 



1 It requires 3"54 gav*ses or S'02 ampere-turns I 
denaitf in an air-space 1 inob in length. See note i 
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in length will require ^ ampere-turns. We might calcu- 
late the ampere-turns required on a dynamo field-uiagnet by 
multiplying the flux-density by the total length of air-gap 
and dividing by 1*257, and tlien add some further turns to 
make up for the drop in magnetic potential in the iron 
circuit ; but it is more usual to find the total reluctance of 
the circuit and multiply by the total flux in the manner 
shown in Chapters VII. and XVI. 

2. Reluctance of Magnetic Circuit. — We have seen that, 
other things being equal, the total flux in a circuit is inversely 
proportional to the reluctivity of the materials of which it is 
composed; it is directly proportional to the permeability 
which is the reciprocal of reluctivity. 

The permeability of a material is the numerical coefficient 
which expresses the ratio between flux-density Bi &i^d the 
magnetizing force ^ H* For instance, if a column of air is 
subjected to a magnetizing force Hi ^^ number of magnetic 
lines per square centimetre of cross section, in other words the 

B 

flux-density Bi is equal to \-\ ; therefore, the ratio q := 1 and 

we say the permeability of the air is 1. If we take a piece 
of iron and subject it to the same magnetizing force H we find 

^ The following are the various ways of expressing the three defini- 
tions: 

D— The number of lines per sqo&re oentimetro in the material 

The flux-donsity. 

The magnetic displacement. 

The internal magnetization. 

The magnetic induction. 

The induction. 

The intensity of the induction. 

The permeation. 
LJ_The number of lines per square centimetre that there would be in air. 

The magnetizing force at a point. 

The magnetic force at a point. 

The intensity of the magnetic force. 

The rate per cm. of fall of magnetic potentiaL 

The magnetomotive-force per unit length, 
jtx— The magnetic permeability. 

The permeability. 

The specific conductivity for magnetic lines. 

The magnetic multiplying power of the material. 



that B ia very much greater. For example, a certain specimen 
of iron, whetisubjectedtoamagnetio force capable of creating, 
in air, 50 magnetic lines to tlie squai'e centimetre, was found 
to be permeated by no fewer than 16,062 magnetic lines per 
square centimetre. Dividing the latter figure by the former 
givea 321 as the value of the permeability, that is to say, the 
peiineabiUty of the iron at this stage of the magnetization is 
321 times that of air. Thepermeabilityof such non-magnetic 
materials as silk, cotton and other insulators, also of bi'ass, 
copper and all the non-magnetic metals, is taken as one, being 
pi-actically the same as that of the air. 

The permeability of iron, however, varies very greatly with 
the degree to which it has Iieen magnetized. In all kinds of 
iron (after passing the initial stage mentioned below) the 
magnetizability of the material becomes diminislied as the 
actual magnetization is pushed further; there is in facta 
tendency to magnetic saturation. In other words, when 
a piece of iron has been magnetized up to a certain degree, 
it becomes, from that degree onward, less permeable to 
further magnetization, and tliougli actual saturation is never 
reached, there is a practical limit beyond which the magneti- 
zation cannot well be pushed. Joule was one of the fiist to 
establish this tendency toward magnetic aatui-ation. Modem 
reeearches have shown numerically how the permeability 
dimiaishes as the magnetization is i)ushed to higher stages. 
The practical limit of the flus-density, Bi in good wrought 
iron, is about "20,000 magnetic lines to the square centimetre, 
or about 125,000 lines to the square inch ; and in cast iron the 
practical saturation limit is nearly 12,000 lines per square 
centimetre, or about 70,000 lines per square inch. 

In designing electromagnets, before calculations can be 
made as to the size of a piece of iron required for tJie core of 
a magnet for any particular purpose, it is necessarj- to know 
the magnetic properties of that piece of iron ; foi' it is obvious 
that if the iron be of inferior magnetic permeability, a largei 
piece of it will be required in order to produce the same 
magnetic effect as might be produced with a smaller piei 
of higher permeability. Or again, the pieue having iuferii 
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permeability will require to have more copper wire wound on 
it ; for in order to bring up its magnetization to the required 
point, it must be subjected to higher magnetizing forces than 
would be necessary if a piece of higher permeability had been 
selected. 

Curves of Magnetization. 

A convenient mode of studying the magnetic facts respect- 
ing any paiticular brand of iron is to plot on a diagram the 
curve of magnetization — i. e. the curve in which the values, 
plotted horizontally, represent the magnetic force, H» *^d ^he 
values plotted vertically those that correspond to the I'espec- 
tive flux-density, B- 

Thii-ty-five samples of various irons of known chemical 
composition were examined by Hopkinson,^ the two most 
important for present purposes being an annealed wrought 
iron and a gray cast iron, such as are used by Messra. Mather 
and Piatt in the construction of dynamo machines. Hopkin- 
8on embodied his results in curves, from which it is possible 
to construct, for purposes of reference, numerical tables of 
sufficient accuracy to serve for future calculations. 

The upper curve. Fig. 83, gives the behavior of annealed 
wrought iron.2 The ascending line shows the relation between 
the intensity of the magnetizing force H ^^^ ^^^ flux-density 
B during the process of increasing the magnetizing force 
from zero to about 220 ; and the descending line shows the 
«ame relation during the process o^ decreasing the magnetizing 
force to zero, and then reversing it so as to remove the 
residual magnetic lines. The lower curves shows the behavior 
of gray cast iron. 

Every sample of iron will show, on being tested, a similar 
set of facts which can be plotted down as a curve that is 
^characteristic of the relation in question ; but the curves for 
<3ast iron and steel always lie lower than those for wrought 
iron. Moreover, it will usually be noticed that when a fresh 
piece of iron or steel is subjected to a gradually increasing 

*P7a7. Trans, y pt. ii. p. 455, 1885. 
'Hopkinsonin Phil Trans. , pt. ii. 455, 1885. 
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magnetizing force, the lowest part of tlie curve presents near 
its origin a small concavity (see Fig. 83), showing that there 
is a certain stage where under small mivgnetizing forces the 
permeability is greater than at the initial stage. This cnii- 
oavity is more pronounced in the case of hardiron and of sLuel 
tlian in the case of soft iron. But tlie cui-ves differ in detail 
even in different specimens of the same sort of iron. In 
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usually denoted, ;*, for ordinatea, and g for abscissae, we have 
the results in a more convenient form for reference when mak- 
ing calculations of magnetic i-eluetances. Fig. 85 gives curves 
of various materials plotted in this way. The curve marked 
annealed soft iron is plotted from results obtained by Hop- 
kiiisDu from a carefully annealed specimen of soft iron. The 
value for g,/* and H for this speciman are given in square 
centimetre units in Table I., and in square inch units in 
Table 1 1. 




FiQ. 84.— Curves op Maonktization of vasiocb Sohth of Xron. 



This curve is cliaracteristic of the behavior of the best 
Swedish iron. Beneath is a curve given by Prof. D. C. 
Jackson,' showing the average results obtained from three 
specimens of good quality mereliant wrouglit ii'on having the 
following percentage of impurities : C ^ 0- 075, Si = ■ 1, 
Mn = ■ 25, P =0 ■ 1, S = -1. It will be seen tliat with 
wrouglit iron the permeability, for small flux-densities, is not 
very great, but increases as the density is increased up to 
about 5000. An increase beyond this point decreases the 
permeability until when B ^ 16,000 the permeability has 
fallen to 400, and at B = 20,000 it is about 100. Thus it is 
not economical to push B much beyond 16,000. In dynamo 
field-magnets B i^ generally somewhere about 16,000, so that 

> flectromofptellnn and ihe CoTietruetion (tfDynamoi (MAcmUlko). 
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Table I. (Square Centdietbe Units). 



Annealed Wrought Iron 


Gray Cast Iron. 


B 


/* 


H 


B 


/* 


H 


5,000 
9,000 
10,000 
11,000 
12,000 
18,000 
14,000 
15,000 
16,000 
17,000 
18,000 
19,000 
20,000 


8000 

2250 

2000 

1692 

1412 

1088 

828 

526 

820 

161 

90 

54 

80 


1-66 

4 

5 

6-5 

8-5 

12 

17 

28-5 

50 

105 

200 

850 

666 


4,000 
5,000 
6,000 
7,000 
8,000 
9,000 
10.000 
11,000 

• 


800 

500 

279 

138 

100 

71 

58 

87 


5 

10 

21-5 

42 

80 
127 
188 
292 



Table II. (Squabe Inch Units). 



i 

Annealed Wrought Iron. 


Gray Cast Iron. 


B« 


M 


H« 


B« 


M 


H^ 


30,000 


2926 


10-2 


25,000 


888 


80 


40,000 


2857 


14 


80,000 


445 


58*5 


50,000 


2892 


20-9 


40,000 


245 


168 


60,000 


2166 


27-7 


50,000 


112 


447 


70,000 


1750 


40 


60,000 


64 


940 


80,000 


1868 


63 


70,000 


40 


1750 


90,000 


856 


105 








100,000 


407 


245 








110,000 


161 


686 








120,000 


64 


1850 








180,000 


28 


4500 








140,000 


18 


7680 
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the permeability of the material at this point is the criterioD 
of the value of different materials foi- field-magnets. Now, 
looking at the curve for mifd east sUel, it will be seen that, 
though the penneahilitv for flux-densities of the order of 
10,000 is very much lower than the permeability of iron, yet 
at great flux-ilensitiea the mild steel is equally good or even 
hetter than wrought iron. Being much cheaper, it lias come 
very much into use in dynamo construction. Though this 
material is known as mild steel,* it is in reality much more 
allied to iron iu its composition, as it contains only about 0-2 
per cent, of carbon and is incapable of taking a temper. The 
facts tliat it can be cast and is soft to tool greatly facilitate 
the construction of dynamo frames of mild steel. Mitin metal, 
which is a sort of cast wi-ouglit iron, being a wrought iron 
rendered fluid by addition of a small percentage of alumi- 
nium, is, as the author has found, more magnetizable than 
cast iron, and not far inferior to the best wrought iron. 

Hammering, rolling, chilling, or any process which tends to 
physically harden iron will lessen its permeability, but the evil 
effects of such processes may be destroyed by raisiug the 
metal to a red heat and allowing it to cool very slowly. The 
effect of this annealing is shown in the curves. 

The curve for cast iron varies a great deal with the 
quality. Generally speaking, the permeability is decreased in 
proportion to the amount of carbon present in the combined 
state. 

For an account of the various methods of measuring' the 

' For data upon mild steel and mitis metal, seeO. Eenrard, LaLaaniire 
Electrique, xxxiii. 605 ; and Thompeon, Knight and Bacon, Amer. Inst. 
Elec. Eno»., ix. June 7th, ISSS. 

* Consult also the following works ' — 

Ewing. J. A., various papera in the Philosophical Transactiims of the 
Bojal Society in the jean 1885toI8B4. A full rteumeia given in his book 
Magnetic Induction in Iron and other Metals. London, 1894, 

'HopkiDeon,Dr.J.,'p&peniathBPhiIoa(^hicalTransaction»ottheBojeX 
Society, 1665 to 1895. Those ofchiefimportanceare reprinted in hisbook. 

Du Bois, H. J, O., Magnetiache Kreise, deren Theorie und Anwendun- 
gm. Berlin, 1894. 

Jackson. Dugsld C, Electromagnetisin and the Construction of Dy- 
namos (Macmillan). 



128 



Dynamo-Electric Machinery. 



magnetic qualities of iron, see the author's treatise on The 
Electromcfffnet. 

This is not the place to enter upon the modem molecular 
theory of magnetism propounded by Ewing. Those who 
would follow out this most important topic must refer to 
Ewing's published works. 

Effects of Aik-gap in Magnetic Circuit. 

All the preceding results refer exclusively to that which 
goes on in iron itself, the curves of magnetization referring to 
the magnetic materials only. But if there is an air-gap in the 




Fio. 86.— Curve op Magnetization op Magnetic Circuit 

WITH Air-gap. 



magnetic circuit, or a gap filled with any non-magnetic mate- 
rial (possessing a permeability = 1), it is evident that to force 
the same number of magnetic lines across a layer of such infe- 
rior permeability will necessitate an increase in the-magneto- 
motive-force that must be applied. 

This is made plainer by reference to Fig. 86, in which the 
curve O c C represents the relation between the number of 
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magnetic lines in an iron bar and the number of auiiieie-tunis 
uf excitation (H ^ -^ 1'257) needed to force this flux througli 
the iron. For esample, to reach the lieight c, the excitation 
has to be of the value represented by the length O x^. On 
the same diagram the line O ft B represents the relation 
between the magnetic flux across the aii'-gap and the amj^re- 
tums required to force this flux across. If the gap were 1 
cm. long, 0.795 amjiere-turns of current would produce field 
H ^ B = 1- '" t'''** ^^'^^ the gap is supposed to be shorter 
than t em., the line sloping up at such a slope that the length 
O j-j represents the ampere-luras requisite to bring np tlie 
magnetic flux to h, which is at the same height on the scale 
as e. It is then easy to put the two things together, for tlie 
total amount of excitation required to force these magnetic 
lines through air and irou will (_iieglecting leakage) be the 
sum of the separate amounts. The point x^ is chosen so 
that O x^ is equal to the sum of Q ^p "■''•' O -''a' o'' that the 
distance of point r from the vertical axis is equal to the sum 
of the respective di.st:inces of c and h. If the same thing is 
done for a large number of corresponding points, the resultant 
curve OrRmaybe constructed from the two separate curves. 
It will be seen then that, in geneml, the presence of a gap in 
the magnetio circuit has the etfect of causing the magnetic 
CU1T6 to rake over, the initial ilope beiitff determined lij/ the 
air-gap. 

Effect of Joints. 

Being now in a position to calculate the additional mag- 
netizing power required for forcing magnetic lines across an 
ftip-gap, we are prepared to discuss a matter that has been so 
far neglected, namely, the effect of joints in the iron on the 
reluctance of the magnetic circuit. 

It is a matter pui-ely for experiment to determine how 
far a transverse plane of section across the iron obstructs the 
flow of magnetic lines. This matter has been examined by 
Professor J. J. Thomson and A[r. Newall in the Cambridge 
Philosophical Society's ProceeJwgg, in 1887 ; and more fully 
by Professor Ewing, whose researthes are published in the 
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Philosophical Magazine for September 1888. Ewing not only 
tried the effect of cutting and of facing up with true plane 
suiiaces, but used different magnetizing forces, and also 
applied various external pressures to the joint. For our 
present purpose we need not enter into the questions of 
external pressures, but will summarize in Table III. the 
results which Ewing found when his bar of wrought iron was 
cut across by section planes, first into two pieces, then into 
four, then into eight. The apparent permeability of the bar 
was reduced at every cut. 



Table III. — Effect of Joints in Wbought-ibon Bab (not compressed). 



H 


B 


Mean thickneHR of 

equivalent air- 
space for one cut. 


1 

Thickness of iron 
of equivalent re-' 
luctance per cut.; 

1 


Solid. 


Cut in 
Two. 


1 
In Four. In Right. 


Centi- 
metres. 


Inches. 


Centi- 
metres. 


Inches. 


7-5 
15 
30 
50 
70 


8,500 
13,400 
15,350 
16,400 
17,100 


6,900 
11,550 
14,550 
15,960 
16,940 


4,809 

8,900 

12,910 

15,000 

16,120 


2,600 

5,550 

9,800 

13,300 

15,200 


00036 ^ 

00030 

00020 

00013 

00009 


00014 
00012 
0-0008 
00005 
OOOOI 


4 

2-63 

110 

0-43 

0-22 


1-57 

1 : 

0-433 1 
0-109 
0-087 ' 



Suppose we are working with the magnetization of our 
iron pushed to about 16,000 lines to the sq. cm., referring to 
Table III., we see that each joint across the iron offei-s as 
much reluctance as would an air-gap 0-0005 of an inch in 
thickness, or adds as much reluctance as if an additional 
layer of iron about ^th of an inch thick had been added. 
With small magnetizing forces the effect of having a cut 
across the iron with a good surface on it is about the same as 
though you had introduced a layer of air ^-J^th of an inch 
thick, or as though you liad added to the iron circuit about 
1 inch of extra length. With large mj\gnetizing forces, how- 
ever, this disappears, probably because of the attraction of 
the two surfaces across that cut. The stress in the magnetic 
circuit, with high magnetic forces running up to 15,000 or 
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20,000 lines to the sq. cm., will of itself put oa a pressure of 
130 to 230 lbs. to the square inch, and so these resistances 
are (considerably reduced ; they come down in fact to about 
,'gth of their initial value. 

The above results of Ewing's are further represented bj 
the curves of magnetization drawn in fig. 87. When the 




Fio. 87.— Ewma's CCEVEs foe Effdtt of Jokts. 

faces of a cut were cai-cfully surfaced up to true planes, the 
disadvantageous effect of the out was reduced considerably, 
and under the application of a licavy external pressure almost 
vanished. 

Effects of Heat. 
When iron in a strong magnetic field is raised to a tem- 
perature above GOO" C. it begins to lose its magnetic qualities, 
and at 780° C, lliey entirely disappear. At temperatures 
between 0° and 100° the effect of heat is so small that for all 
pnictical purposes it may he neglected. 
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Residual Magnetism. 

It is well known that several kinds of magnetic materials 
— lodestone, steel, particularly hardened steel, and hard sorts 
of iron — exhibit residual magnetism after having been sub- 
jected to magnetic forces. It is also known that closed 
circuits of soft iron — even of the very softest — will exhibit a 
considerable amount of residual magnetism so long as the 
circuit which they constitute is unbroken. A very simple 
illustration of this is afforded by any electromagnet possess- 
ing in its core and well-fitting armature a compact magnetic 
circuit. If it is excited by passing a current, which is then 
quietly turned off, the armature usually does not drop off, and 
may even require considerable force to detach it ; but when 
once so detached will not again adhere, the residual magnetiza- 
tion having almost entirely disappeared. In like manner a 
steel horse-shoe magnet, if magnetized powerfully while its 
keeper is across its poles, may become " supersaturated " ; 
that is to say, magnetized to a higher degree of magnetization 
than it can retain in permanence, a portion of this residual 
magnetization disappearing the first time the keeper is 
removed. 

Reference to Fig. 83 will show that when the magnetizing 
force H is gradually increased from zero to a high value, and 
is then gradually decreased to zero, the resulting internal 
magnetization B fii^t increases to a maximum, and then 
decreases, but does not come back to zero. The curve 
descending from the maximum does not coincide with the 
ascending curve. In fact, when the magnetizing force has 
been entirely removed there remained (in this specimen) a 
residual magnetization of about 47,000 lines to the sq. in., or 
about 7300 lines per sq. cm. It has been proposed to give 
the name of the remanence to the number of lines per sq.cm., 
that thus remain as the residual value of Q. To remove tliis 
remanence^ a negative magnetizing force must be applied. 
Suppose enough magnetizing force has been used, the curve 
will descend and cut the horizontal axis at a point to the left 
of the origin ; and with greater negative magnetizing forces. 
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tbe speoimen will begin to be magnetized witb magnetic lines 
running through it in the reversed lUrection, The particular 
value of the negative magnetizing force which 13 needed to 
bring the remanent magnetization to zero has been termed by 
Hopkinson the. eoerdve force.. In the specimen of wrought 
iron in question the coercive force (in C,G.S. measure^) is 
about 2. The force thus i-equired to deprive any apecimen of 
its remanent magnetization may be taken as a measure ol the 
tendency of iron of tliis particular quality to retain permanent 
magnetism. Hard kinds of iron and steel always show more 
coercive force than soft kinds of iron. For example, whilst 
that of soft wrought iran is about 2, that of hard steel may 
l>e as much as 50. 

Hysteresis. 
Professor Ewing, who has particularly studied tiie residual 
effects exhibited by vaiious qualities of iron and steel, has 
given the name of hytteresis to this tendency of the effects to 
lag, in phase, behind the causes that produce them. The 
appropriate mode of studying hysteresis is to subject the 
specimen to a complete cycle (or to a number of successive 
cycles) of magnetizing forces. For example, let the mo- 
netizing force begin at zero, and increase to a high value (say 
to H ^ 200) and then decrease back to zero, then reverse and 
increase to a high negative value, and finally return to zero. 
Such a cycle is given in Fig. 88, which is taken from Ewing 's 
researches, and relates to a series of experiments made with a 
piece of annealed steel pianoforte wire. The curve begiils in 
the centre of the diagram, and as H i^ increased positively, 
the curve rises at first concavely to the right, then turns over, 
and when H ^ ^O- B ^^ risen to a little over 14,000. Wheu 
H is then reduced back to zero tlie curve turns back on itself, 
but does not fall as fast as it previously rose, for when H !» 
leduced to 20, B has gone down only to 12,000, and when 
|-| = the remanence is alwut 10,500. If at this point H 
had been again increased to 90, B would have run up again to 
14,000, as shown by the thin line. If, however, the mag- 
uetizing force is reversed, the cuitc descends to the left, and 
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outs the horizontal axis at — 24, which is therefore the value 
of the coercive force. On increasing tlie reversed magnetizing 
force to H = — 90, the reversed magnetization increases to 
the value B = — 14,000, or a little more. Then when these 
reversed magnetizing forces are reduced to zero, the curve 
returns towards the right, crossing the vertical axis at 
B ^ — 10,500 (the negative remanence); and on i-e-reversing 
the magnetizing force it is found that when |-| = 4- 24, the 
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Fio. 88.— Cyclk of Maqnetic Operations on Annbaled Steel Wire, 

magnetization is once more zero. After this point, increasing 
|-| causes the magnetization to run up very rapidly, not quite 
following its former track, but coming up aa before to the 
apex, when H is raised to the tiame niaxinmni of 90. 



Cycles of Magnktizatiox. 



Sucli cycles of magnetization as that which has just been 
described, if carried out on any specimen of iron or steel, 
always yield curves that exhibit, like Fig. 88, an enclosed 
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area. This fact has been shown by Warburg ' and by Ewing ' 
to poGsess a Bpecinl significance for the area enclosed is a 
measure of the work wasted, per unit of volume of the iron, 
in carrying the iron through a complete cycle of magnetiza- 
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Fio. 89.— Hy 

tions. Ju3t as the area traced out on the indicator-card of a 
steam engine is a measure of the Iteat transformed into useful 
work ill the cycle of operations performed by the engine, so 
in this magnetic cycle the area enclosed by the curve is a 
measntB of the work transformed into (useless) heat,^ 

' Wi»d.Aim..-i\\\. 141. 1881. 

^ProcBay. Soc., mi. 23, 1881 ; xxxiv. 3fl. 1884; and xiiv. 1, 1885; 
and Phil Trans., 1885, pt. ii, 533. 

* The proofs or thrae mattera are as fallows. In a magnetic field of 
iitrwigth H it will require H units of work tu move a unit of raagnetism 
along a length of 1 centimetre againEt the magnetizing forces. Hence, 
■Ince there are 4 t magnetic lines to each unit of magnetiBm, the work 
done in one complete cycle on a single cubic centimetre of the iron will 



l>e«qu&l to — f Hd 



B- H H and B are in C.O.S. i 
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I, the work will 



be given in ergs per cubic centimetre. Hence it this number is multi- 
plied by the number of cycles per second and divided by 10', the result 
■ees the number of watts of power wasted. 
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For the sake of comparison, a curve for wrought v, 
one for steel are given side by side in Fig. 89. In all tliea 
cases the closed area represents the work which has 
wasted or dissipated in subjecting the iron to these alternate 
magnetizing foi-ce». In 
very soft iron, where tl 
ascending and descen4< 
ing curves are close to* J 
gether, the enclosed area 
is small ; and as a matter 
of fact, very little energy— 
is dissipated in a cyd 
of magnetic operatiom 
On the other hand, witi 
hanl iron, and partiou4 
larly with steel, there i 
a great width betweeij 
the curves, and there i 
great waste of energj 
The energy lost percycl 
dcpeiid.s not only up( 
the nature of the mate 
rial but also upon ' 
degree to which the inaj 
netization is carried ij 
each cycle — in fact, up< 
the amplitude of 
cycle. 

Fip. 90, taken fro 
J.A.Ewing's researche 
shows the effect of sub 
jecting a piece of soft^ 
annealed iron wire to B 
graded series of revereals beginning with weak forces, and j 
gradually increasing the force until the limits of H W6» 
+ 7 C.G.S. As the amplitude of the cycle is increased t 
area of the cyclic curve increases in a greater ratio — in othoi 
> Phil. Tiuns.. 1885, ji. 555. 
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words, Uie loss nf energy per cycle is more than propor- 
tionally great when B is increased. 

Mr. C. P. Steinmetz^ has given the following law connect- 
ing the hysteresis loss h in ergs per cubic centimetre of iron 
per cycle and the flux-density B- He finds that 

A-,B" 
where j; is a constant called the hysteretic constant depending 
npon the kind of iron. This law is true for cycles performed 
either slowly or as rapidly as 200 per second. The following 
table gives the hysteretic constant ij for different materials^ 
when ordinary frequencies are employed. 



Hysteretic Constants fob Different Materials. 


Material. 


C™«lAal ,, 


BlaCerlal. 


sss°;. 


Very soft iron wlro . . 
Very thin soft shoi^t iron . . 
ThJn good sheet iron 
ThlekBbwtlron -- 
Most ortllnar; sheet Iron 
Trwistonner oorea .. .. 


002 
0034 
003 
0093 
-004 
•00*5 


Soft ttnuenled caat ateol. . 
Soft nuiehllio etoel .. ,. 

Caststeel 

Castlron 


■008 
OOM 

■012 
016 

•03S 



From experiments with nctnal transformer plates at % cycles 1 
per second the hysteretic loss in watts per cubic centimetre of 
iron was found to be 

w = o-oosa X 10-' X « X B'"- 

Besides the hysteretic loss in transformer plates, there is 
also a loss due to eddy currents in the iron. This varies aa 
the squai-e of the thickness of the iron, the square of the 
frequency, and the square of the flux-density. Fleming has 
obtained by calculation the formula 

T-X» B» "M0-", 
^Amtr. rn»(. Mtt. Bngiixten, Jan. lOlh, 1802 ; 'KUr-.mtinn, Feb. 12th, 
IOU1 Ana 26th. I8t)3. 

■ For psrtirulars of Ewlng*s Mngnelic Tenter (or measuring Hysteresis in 
sheet iron, see IwA. Slee. Bnglneen, April Mth, 1805, also Electrician, 
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T being the loss in wattas per cnfaic centimetre of core made 
ap of the strip, and X being the thickness of the strip in mils. 
Thus we IiaTe the total loss in watts due to both hysteresis 

•r 

and eddv currents — 

W =- (HW33 !• B' • >^ 1^^ - X' B* w* X !(>-*•. 

This has been found to agree very closely with practice. 
If, as in a transformer, the iron is carried through a certain 
number of cycles per second, we have a continual loss which 




2000 4000 

Fig. 91. 



can be measured in watts per lb. of iron, for the amount of 
waste depends upon the quantity of iron magnetized. 

Plotting the loss in watts per lb. of iron with the maximum 
flux-density B» ^^^ curve ^ (Fig. 91) shows an ever increasing 
slope. From this it appears that it is not economical to 
carry B ^ * very high value in transformers. The most 
economical value depends upon a variety of circumstances 

1 Kapp, Joum, Inst, EJlec. Engineers, xxiii. 207, 18M. 
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such as the frequency of supply, the amount of wEUte allow- 
able, and the drat cost of tlie ti-aiisfornier. A flux-density of 
4000 is very usual. Itmustbereiuembered that by increasing 
the flux-density we can decrease the cross-section of the iron, 
and thus the total weight of iron employed, and this up to a 
certain point reduces the loss, altliough the loss per pound is 
increased. Another inducement to increase the flux-density 
in a transformer is the fact that for very small flux-densiliea 
the permeability of the iron is less than for the flux-densities 
of about 7000. The curve in Fig. 92 shows how the per- 
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Flo. 92,— Permeabiutt Ccrvk for Thanspormer-iron. 

meability of transformer-iron increases, as the flux-density 
is increased up to about 7000 ; after this point the curve 
is flat, and then descends again as higher densities are 
reached. Thia fact can indeed be seen from the curves in 
Fig. 90, for the slope of a line joining the peak of any cyclic 
curve to the origin gives the permeability of the iron for that 
cycle .so far as it affects the umgnetizing current required in 
a transformer. By increasing the permeability we make a 
considerable saving in the energy required to magnetize. 
The following table gives the number of watts wasted by 
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hysteresis in well-laminated soft wrought iron when subjected 
to a succession of rapid cycles of magnetization. 



Waste of Power by Hysteresis. 


B 


B.' 


Watts wasted 

per cubic foot at 

10 cycles per 

second. 


Watts wasted 

per cubic foot at 

100 cycles per 

second. 


4,000 


25,800 


40 


400 


5,000 


82,250 


67 5 


576 


cooo 


38,700 


75 


760 


7,000 


45,150 


92 5 


925 


8,000 


51,600 


111 


1110 


10,000 


64,500 


156 


1560 


12.000 


77,400 ' 


206 


2060 


14,000 


»0,300 ' 


262 


2620 


16.000 


103,200 , 


824 


8240 


17.000 


109,650 


894 


3940 


18,000 


116.100 


487 


4870 



Ewing has given the following values of the energy wasted 
in a magnetic cycle of a strong magnetization on various brands 
of iron and steel : — 

Waste op Energy by Hysteresis. 



Brand experimented upon. 



Vory soft annealed iron 

Loss soft " " 

! Hard drawn iron wire 

Annealed steel wire 

Glass hard steel wire 

Pianoforte steel wire (ordinary state) 

(annealed) 
(glass hard) . . 



>t 



»» 



>» 



»> 



Ergs per cubic centimetre 

loAt in one complete cycle 

of magnetization. 



9.300 
16,300 
60,000 

•70,500 
76,000 

116,000 
94,000 

117,000 



Hopkinson found that oil-hardened tungsten steel, the sort 
chosen for making permanent magnets because of its great 
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coercive force, wasted no less than 216,864 ergs per cubic cm. I 
per cycle. He has pointed out that the area of a curve like | 
Fig. 88 is approximately equal to a rectangle, the height of I 
which is double the remanence, and the breadth of which is f 
double the coercive force. 

Ewing has shown that vibration tends to destroy residual 
effects. Also Dr. Finzi has found ' that iron cores whilst 
travelled by an alternating electric current show no liysteresis, 
tlie a&eenduig and descending curves of magnetization coin- 
ciding. There is also some evidence tliat with very rapid 
frequencies there is less work wasted per cycle than there 
would be in the same cycle performed slowly. 

When an armature core is rotated in a strong magnetic J 
field the magnetization of the iron is being continually carried f 
through a cycle, but in a manner quite different from that in I 
whicli it is carried when the magnetizing force is periodically ( 
reversed, as in the core of a transformer. Mordey has found • I 
the l<»seB by hysteresis to be somewhat smaller in the former I 
case than in the latter. 

Matf-ntrtia Creepitiff.— Another kind of after-effect was | 
discovered by Ewing. and named by him " viscous hystere 
This is the name given to the gradual creeping up of tlie I 
magnetization when a magnetic force is applied with absolute | 
steadiness to a piece of ii-on. This gradual creeping may go i 
on for hal£-an-hour or more, and amount to several per cent, 
of the total magnetization. This is a true, but slow, magnetic | 
lag, and must not be confounded either with the lag of phase 
discussed already xinder the name hysteresis, or with tlie | 
apparent lag due to the retardation of the magnetizing current 
resulting from self-induction, or with the apparent lag observ- 
able in unlaminatediron cores due to eddy-cuiTents circulating 
in the mass of the iron itself. 

Retardation of Magnetization. — -It has long been known 
that in solid cores of electromagnets the rise and fall of the 
magnetism is retarded by eddy-currents in the iron, the outside ] 
part of the iron becoming magnetized first when the current is , 

^Electrician, iivi. 73, April 8. 1891. 

* See also Kwiag, in EUctrician, xxvii. 60S, 1 
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ramed «^n : whiisc die mngngriwn of che inn^ parti grows up 
Latf^r when cEe eddy-^inrrencit in die oocer poxt die awaj. 
Thi^re Lh dina & regular peneamcoa or propMgasiOQ of the 
inai77»er;2tiii from die oarer "si die inner partt of the conf. 
When the maenetizizi;;-*!amHLt ii» eac i^ die inaer part » die 
Liwc Wt lone ii;§ inagnerig^ai- Ll larze dynaoKM bsuij minutes 
may <:UpHe before die magiied£an atrainti lcs mskximiim. For 
chi.^ r>:taii'^n die suidior prooooneed Lc oaeleaB to put a compound 
^inf lin^ apon djnamna widi large solid eLectaro magnetft for ose 
art el«^thc rallwaj generators. Ic b» eTen possible for the 
mi4-<:ore of an electrooui^ec to hare a magnedzaticii of re- 
▼er«e direction to that of the enter layers. Tbe phenomenon 
of macrnetic retardadon in solid cores hiw lately been inTesti- 
^xjhA by Dr. J. Hopkin2K>c and Mr. E. Wilson,* using an 
iron-cl^ul electromagnet with a core 12 inches in diameter 
with explorinj^ coiLi baried at different depths in itrsofastance. 
Hopkiri.v>n fthoweti that the retardadon Taries as the sqnare 
of the linear dimensions. He also inTestigated the effect 
when the magnetizing force was alternated in periodic cycles, 
an/1 foand tliat the depth to which the magnetizadons pene- 
trate depends npon the frequency «see Chapter XXII.). 

HlfffjB changes in the Magnttie Pnyperties of Iron, — When 
iron in magnetized for a long dme by rapidly alternating 
enrrent^, iu ma^etic properties undergo a slight change, so 
that the amount of energy absorbed in carrying it throngh a 
given magnetic cycle is increased. This effect has been 
4AfM:rvf'A in connection with the working of transformers on 
altfjniatc-fjurrent Hvstems, and is due to a physical change in 
the iron, which affects its permeability or its hjrsteresis loss, 
or Ixith. Whether the change is due directly to the continual 
reversal (tf magnetization or whether it is a secondary effect 
canwj'l by the heating, and by the compression that takes 
phice with the expansion of the iron through heat, is not 
certjiinly established, but a series of experiments carried out 
hy Mr. W. M. Mordey,^ point to the latter cause as beinp- 
MiifTicient to account for the phenomenon. 

» Jtrum. Innt. FAec, Engineerd, Feb. 1895, and PhUoa, Trans., 1895. 
'*f'ro('. /{Of/. Sor., Ivii. 1894. 
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Approxuutk Formui.^ for the Law of the 

ELKtTROMAaNKT. 

Before the discovery of the law of the raagnetic circuit, many 
attempts were made to flnil a working formula to express the 
amount of magnetism which is produced in a given electromagnet 
by an exciting current of any particular value. Of these an 
elaborate account is given in the second and third editions of this 
book. Aa they are not now used in dynamo designing, they may 
be very briefly dismissed. 

The earliest suggestion of Lenz and Jacobi was a simple pro- 
portion between the exciting current and the magnetism pro- 
duced. This is ecjuivalent to saying that the curve of magneti- 
zation is a straight line utoping upwards from the origin. Joule 
showed that this law was not tnie; that with stifBcient magnet- 
izing power saturation set in. MiiUer {followed by Von Walten- 
hofen, Kapp and others) proposed an arc-tangent formula ; 
suggesting that if the exciting current be represented by the 
length of a straight line drawn as a tangent to a circle, then the 
arc which it subtends will represent the amount of magnetism 
which results. Thisgives a saturation limit, but fails to represent 
the facts in the earlier stages of magnetization. Lamont, from 
theoretical considerations, proposed an exponential formula. from 
which he deduced an approximate expression equivalent to the 
statement that the permeability is at all stages proportional to 
the dijference between the actual amount of magnetism and its 
possible maximum amount. Lament's formula was revived by 
Frolich,'and largely used in various forms by various writers, 
including the author of this book. Let us make the supposition 
* that the magnetic flux N wilt have at complete satufation a 
maximum value N, and that the magnetizability of the magnet 
at any stage is proportional to the room left for magnetic lines, 
that is to N ~ N- Now, writing S for the number of spirals and 
C for the current flowing in them, we get S C for the ampere- 
turnsof exciting power, and N ^ S C will be the ratio of magnet- 
ism to magnetizing power or magnetizability. We may then 

J^^^Mtlroteehiiitehe ZtiUehrift, pp. 90, 130, 170, 1881, and p. 73, 1882. 
Bee also Dr. Frollch'a book, Die iynamoelektritche Jianrhinen. Berlin. ISSB 
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where hmm, aaogUmt of the p ^rti c uhr i h' i tnwi n gnfi Bysimple 
trangjor iffwitinn this egoatfion becuwi f s 

and it is dear that the meaning of & is Hiai particiilar number of 
amp ere-tnma wfaidi will redoce the masnetiaabflitj to half its 
initial Tahie. or will bring op the magnetism to half-aaturatioii. 

Hub number of ampere-turns the aotbor named the diacritical 
number, and the number producing balf-saftuFation he called the 
diacritical current. Dr. Frolich has independently made use of 
his oonceptioo. and has applied it in his formula for dynamoB. 
The argument is his: the notation here used is, however, the 
authors. 

This formula, though it does not take into account the difference 
between ascending and descending magnetizations, is quite good 
enough to serve as a first approximation^ and is therefore useful. 
As fjointed out by Fleming * and by Kenndly,' the justification 
of it is to be found in the circumstance that the reluctivity (or 
reciprocal of the permeability) is very nearly a simple linear 
function of H • 

While these pages are going through the press the Standards 
Committee of the British Association has proposed the adoption 
of a unit of magnetic flux under the name of the ireber, equal to 
l(f magnetic lines of the C.G.S. system. The /ine is itself a unit 
of magnetic flux ; but is too small to be convenient in many cases 
as a unit. But the multiples kiloline for one thousand lines, and 
megaline for one million lines are terms which have been found 
convenient by dynamo designers. One weber is therefore equal to 
UH) megalines. This magnitude has been chosen to correspond to 
that of the volt ^compare p. 170) ; so that a wire cutting 1 weber 
jKjr second will have induced in it an electromotive-force of 1 
volt. The Standards Committee also proposes the name gauss 
for the C.G.S. unit of magnetic potential; being equal to 10 -~ 4 «• 
of an ampere-tum. To convert ampere-turns into gausses one 
must multiply by 4 ^ ~ lo, or by 1*257. 

It should be remarked that the American Institute of EHectrical 
Engineers has proposed the name loeber to denote 1 line instead 
of 10* lines; and that it has proposed the name gilbert for the 
unit now called the gatiss^ while it has, unfortunately, proposed 
the term gauss as the name of a unit of flux-density to mean a 
density of 1 line per square centimetre. 

* Joum. Inst. Elec, EngineerSy xv. 570, 1886. 
« Electrical World, xvil. 358, 1891. 
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CHAPTER VII. 

THK MAGNETIC CIRCDIT. 

Knowisg the magnetic properties of tlie materials with 
which we have to deal, we are in a position to calculate the 
number of ampere-turn a necessary to produce the desired 
flux in the magnetic circuit of a dynamo of any given shape 
and dimensions. The magnetomotive-force M, which is equal 
to 1-257 times the ampere-turns C S, depends upon the 
relactance R of the circuit, and 
the amountof flux N required. 
We in fact have the geuei'al 
equation 

M = N It. 

But as the total reluctance is 

made up of the reluctances of 

vai-ious parts of the circuit m 

series with one anotliei, and 

which do not necessariU cany 

tlie same amount of flux it is 

convenient to considei the 

parte separately. Refening 

to Fig. 93, which gives a 

dingraiDmatic view < f the 

magnetic circuit of a hij oHi 

dynamo, we have three paite i 

the two air-gaps, and the iron field-magnets. 

If the average lengtli' of the path for the magnetic line; 
the armature core is denoted by /j and the average sectional 

I For an example in Ihe estlmalion of these lengths and areas, sec p. 355. 
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area by A^ and tlie penneability by /ij, the reluctance of the 

U 
core will (see p. 119) be — -j—. The total flux N through 

the armature divided by A^ gives the flux-density B» '^^ 
that /ij can be ascertained from the permeability curve of the 

material used. Then • — -^- gives the magnetomotive-force 
required to drive tlie flux through the armature coi'e. Simi- 
larly —T — ^ (whei'e ^2 and Ag are the length and area 

respectively of one of the air-gaps) gives the magnetomotive- 
force required to drive the flux through the two air-gaps. 
The flux through the field-magnets is greater tlian that 
through the armature, owing to magnetic leakage. As will 
be seen below we are able to express the average flux through 
the field-magnet in tlie form v N, where v is a number 
(generally about 1*3) which can be ascertained from the 
shape of the magnet (see p. 151). Having found the perme- 
ability /13 of the material of the field-magnet when carrying 

the flux V N through the area Ag, we can write r* for 

the magnetomotive-force required for this part of the circuit. 
Then the total ampere-turns required will be 

1-257 1-257 t/.,A, ^ A, ^ il^K^]' 

This method of calculation is substantially that proposed 
independently in 1886 by Drs. J. and E. Hopkinson, and by 
Mr. Kapp. But the Hopkinsons went much further in their 
investigation. They plotted a separate curv^e for the relation 
between the magnetomotive-force and the flux for each 
separate part of the magnetic circuit, and then summed up the 
separate curves so as to obtain a final resultant characteristic 
curve. This is done firet on the assumption that there is no 
magnetic leakage ; and after a first approximation has thus 
been obtained, the theoretical result is compared with the 
actual result of experiment, thereby affording a means of 
estimating the corrections that must be introduced. 



As ft matter of fftct, tbe Hopkiasons stated their formala I 
a little more generally. lustead of assuming tlie existence of 1 
/I for the diflferent parts, they contented tliemselves with say- " 
tug that the Htix-deiisity in each pait must be some fiinctioa I 
of the magnetic force acting in that part. Now, if there be a | 
flux of N magnetic lines passing through area A square cen- 
timetres, the flux-density B ^"^^ be equal to N/A. Accord- 
ingly, we may write for tbe mi^netomotive-force acting in 

the armature part of the magnetic circuit/ ( ^ ] x ^p which j 

" function " may be examined and plotted out as a curve. In 
fact the curves of magnetization, such as are given on p. 123, ' 
are nothing else than curves which show the relation between i 
tbe magnetizing forces and the amount of magnetism they J 

induce. There will be a similar expression/ ( t— ) X'l^ for ] 

the magnetomotive-foree that acts in tbe field-magnet part, f 
whilst for the gaps tbe magnetomotive-force is simply ] 

N I 

■T— X 2 /. ; for the function for air = 1. The whole or int«- 1 
Aj > f 

grill magnetizing force will be got liy adding together thi 

separate terms 



■■^{^)--^'-^,-'-f{^)- 



T S C ~ 10. 



This mode of stating the matter has the following advan- 
tages : — (Ij The use of the function of wliicli tbe value is to 
be found by reference to a curve or tabulated set of observsr 
tions (such as those given in the preceding chapters, instead 
of merely using the symbol /', makes the expression more 
general ; (2) the separate terms being differently affected by 
leakage of the magnetic lines, it is easy to apply correctioni 
separately. 

If then we plot out, separately, curves for each of the 
three terms, so as to show separately the numbers of ampere- 
turns required to drive different amounts of magnetic flux 
through each of the separate parts of tbe circuit, we may then 
combine tbem in a resultant curve. Having in this way built 
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up a curve characteristic of the magnetization, the Hopkin- 
sons then proceeded to correct it by considering the leakage. 
They found that in the dynamo experimented upon (an 
Edison-Hopkinson) only about three-fourths of the magnetic 
lines created in the field-magnet actually passed through the 
armature-core, the rest leaking across either between the pole- 
pieces through the air or the bed-plate, or else turning back 
from the pole-pieces, to the yoke at the top. Experiment 
gave the ratio of the magnetic flux at a point half-way up the 
upright iron cores to the flux through the armature as 1*32. 
Let the symbol v stand ^ for this ratio. Then in the parti- 
cular dynamo experimented on there was a yoke at the top 
through which the length of (curved) path was Z^, and which 
had cross-section A 4. ' There were also solid pole-pieces, for 
which the cSrresponding quantities were called l^ and Ag. 
Inserting these additional matters into the equation, it now 
becomes 

= 4 r S C -=- 10. 

There are now five terms to be calculated, giving five 
curves (Fig. 94). Moreover, as is well known,with descending 
magnetizing forces the curve of magnetization is different from 
the curve with ascending magnetizing forces. Fig. 94, which 
is taken from the Hopkinsons' paper, shows how they plotted 
out both for ascending and descending magnetizations the five 
curves. Of these, A relates to the armature, B to the two 
interstitial gaps, C to the field-magnet cores, G to the yoke, 
and H to the two pole-pieces. To obtain the resultant curve 
the abscissae at any particular level must be added together. 
For example : for a flux of 12 millions of magnetic lines, the 
air-gaps (curve B) required about 17.500 ampere-turns, the 
magnefc-cores (curve C) 5000, the yoke (curve G) about 1000, 
and the armature (curve A) about 300, making a total of 
23,800, which is accordingly plotted off to the right. The 

1 It can be determined experimentally, or calcnlated as hereafter shownw 



Tlie Magnelic Circuit 

resultant curve is swept through the points so calculated. 
The resultant ascending and descending curves are hotli 
shown. They agree remarkably well with t]ie crosses and 
points which were plotted out from actual experiment. The 
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dotted curves and the crosses surrounded with circles relate 
to descending magnetizations. The student should not fail 
to consult the original paper. 

The position of the magnetizing coils on the magnetic 
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circuit is a matter of some importance. The electric and 
magnetic circuits being interlinked wherever the coils are 
placed they will exert the same total magnetomotive-force, 
but it is well, in view of the occurrence of magnetic leakage, 
to place the coils as near as possible to that part of the mag- 
netic circuit where the magnetomotive-force is required. As 
has been pointed out above (p. 119), when there are several 
coils, their magnetomotive-forces will only be added together 
if they are interlinked with the same magnetic circuit ; and 
therefore when a double magnetic circuit is emplo3red (as in 
a dynamo of the Manchester type, for instance), each branch 
of the circuit requires to be wound with sufficient ampere- 
turns to give the required difiference of magnetic potential 
between the poles. Thus, other things being equal, twice 
as much power is wasted in the field-magnet. However, as 
the girth of each branch is less than the girth of a single 
circuit, it is not necessary to use quite twice as much copper 
in winding in order to have the same loss per coil. In cases 
where several magnetic circuits are required, as in a multi- 
polar field-magnet, it is sometimes convenient to have only 
one magnetizing coil and interlink all the magnetic circuits 
with it; such an arrangement is shown in Fig. 426* It 
would even be possible to wind the magnetic circuit several 
times round the electric circuit. 

Leakaob of Magnetic Lines. 

Whenever there exists a difiference of magnetic potential 
between two points, a certain number of magnetic lines will 
pass from one to the other, whatever the medium between 
them may be. Thus, with a dynamo field-magnet between 
the poles of which it is necessary to maintain a high difference 
of magnetic potential a large number of lines will pass through 
the air from pole to pole, instead of going through the arma- 
ture, leaking out sideways and constituting a %tTay field. 

It should be borne in mind that magnetic leakage from the 
field-magnet of a dynamo does not cause any waste of energy 

cept in so far as it necessitates a large number of ampere- 



turns byincreasingtbefiux-density.and therefore the drap in 
magnetic potential in the magnet core. In thoae cases where 
the reluctance of the iron core is very small as compare* 
with other parts of the magnetic circuit, leakage does no 
liitrm. In field-magnets of alternators of the type shown in 
Figs. 377 and 425 the leakage is enormona, but it is of na 
i-onsequence so long as the requisite differem^e of magnetic 
potential can be maintained between the poles without ai 
undue expenditure of eiciting current. 

The ratio of total field to useful field is known as the 
coefficient of leakage and denoted by symbol v. The following 
are its values in sundry types of machines. 

STBAT FiBLD IK DlFFBBENT DYNAUOS. 






Name of KachloB. 


FieW. 




ttenurln. 


Value 


H 


Edison (American) 

General ElKlric Co. 

K"PP 

Siemens 

Hancheater . . . , 
Ferranil 


Bipolar 

Itlpolnr 

MulliiHilur 
Bipolar 

Bipolar 

Double Magiiel. 

Spole 
Double Magnel. 

multipolar 


Drum 

Drum 

Dn.m 
Driin. 

Drum 

Long iting 

DlBk 


Poles next bed- 
plate 
roles next lied- 
plaLe 
Direcl-d riven 
Yoke next bed- 
plate 
Yoke nejt bwl- 
plale 
Bed and one pole 

cast together 

Ordinary pattern 

(alternating) 


1-33 
1-4 

1-30 

i-.to 
i-« 

2-O0 


I 

L 


In a series of machines of any given type, the leakage 
actor is less in the larger sizes. For instance, in the bipolar 
Edison dynamos it varies frnm 2 • in the 100-watt machine 
o 1 ■ 20 in the 300 kilowatt machine. In large multipolar 
nacbinea, with inward-pointing poles, the coefficient varies 
rom 1-5 in a 2-kilowatt 4-pole machine to 1 ■ 15 in a 2000 
dlowatt machine. 

The stray field aiound a dynamo may be explored by 
noving a compass-needle about in it. A method of ex 


1 
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ploring the effect in tlie neighborliood of djiiamoB has been 
perfected by Messrs. Edser and Staosfield.' They found that 
the stray field immediately behind one of the poles of a Kapp 
bipolar dynamo had a value of altout 300 C.G.S. units. At 
a distance of 6 inches away along a horizontal line at right 
angles to the shaft, it has fallen to IfiO, at 10 inches to 80. at 
20 inches to 22, and at 30 inches to 5 units. Fig. 95 depicts 
the general direction of the magnetic lines that leak from an 
Edison-Hopkinson dynamo. It ivill be noted that leakage 
takes place in other ways than from pole to pole. There is a 




Fio. B5.— Stray Fiku) op an Edison-Hopkinson Dtsajjo. 

tendency for magnetic lines to leak froui tlie pole-pieces to 
the yoke at the top. The cast-iron bed-plate being in 
proximity to the two poles {where the difference of magnetic 
potential is greatest) promotes leakage through itself, even 
though the machine is mounted on a zinc footstep. 

Many machines have been examined as to tlieir magnetic 
leakage by Carl HeriHg,^ who also has given drawings of 



1 £Iec(rfcfan, xxlz. 119, June 3, 1692. 
* JCIectrical Jtecietr, xxi. 180 and SXXt, 
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them. An extmordiiiary case was found to be afforded by 
the stray field of the Tliomson-Houston arc lighting dynamo 
(_Fig, 311). The reader should also refer to some experiments 
by Carhart,^ and to others by Trotter,* Wedding,'* Puffer,* 
Mavor,* and Wiener.' 

It is evident that the leakage coefBcieiit cannot be eonstAnt , 
iu a given machine, for the amount of leakage depends on iho 
relative permeance of the path througli the armature core and 
of the stray paths outside. Now the permeability of air is a 
constant, whilst that of the iron cores decreases as the degree 
of saturation is i-aised ; so that the leakage increases with 
higher excitation. Also wlien a large current is drawn from 
the armature, the demagnetizing reaction of tlie armature 
current dijectly promotes leakage, as it raises an opposing 
magnetomotive-force in the direct path of the magnetic lines. 
Moreover, since leakage takes place more or less all over a 
magnet, it is clear that what we call the coefficientof leakage 
is only a sort of average. 

By experiment we may determine the actual value of the 
leakage i-atio in various parts. Di-s. J. and £. Hopkinson did 
this for a "Manchester" dynamo,^ using exploring coiU placed 
around the field-magnet of the dynamo in various positions. 
The number of magnetic lines which were thus enclosed was 
ascertained by suddenly cutting off the exciting current and 
noticing the resulting induction current in a suitable galvano- 
meter. A still more complete examination was made by 
Lahmeyer' on an iron-clad dynamo (Fig. 96). In this case 
six separate exploring coila, each having tlie same number of 
turns, were used. That surrounding the armature, enclosing 
the useful field, is called A, the others being numbered. The 

> Eleetritnl Bevifio, ixv. 28(1 ; and Eleclrleian, xxlll. 044, im>. i 

' Joamal In»t. EUctrieal Bnoineera, lU. 243. ]?90. 

* SlektrotechnUche Zeitiiehrift, xill. 07, 1692. 

* Electrical Beview, xxi, 487, 1892. 

* Electrical Engineer, slit 428, 18W. "NewPointiinPynanioDeaigii." 
' Eleetrieal World, «iv. 847, Dec. 22, I8W. 

= See tbeir paper In PAil. TroM., Parti. 331, 1836; and flecMcian, xvili. 
39, 83, 86 and 176, Nov. and Dec. 1886. 

' Elektrotechnitclie ZeiUchrift, ix. 2»3, 1887. 



L 



J 54 



Dvnamo-KUciric Machti 



d(;flexious obtained are given in column 2 of the foUawing 
'inblc. Tlie maximum flur was found at 3. Taking this 
number as 100. tlie i>ercentage8 of leakage at the coils art; 
given in column 3. In column 4 are given the vai-ious fluxes, 




Fltl. ftfi. — EXPLORINO THE MaBNETIC LEAKAOR OF A DtNAHO. 



taking tliat througli A as lUO, and in column 5 the values of 
ti at the various parts. It is clear tlmt the yoke parts were 
of insufficient thickness. 



A 


790 


10-B 


lOtf 


1 


r. 


TSN-r. 


10-1 


101 


1-01 


II. 


B61 


1-0 


no 


1-10 


m. 


878 





118 


1-ia 


IV. 


850 


80 


lOB 


108 


V. 


T« 


14-5 


06 


0-96 



In the case of the Edison-Hopkinson dynamo, the H<^ 
kinsons give 1-32 for r, this being the mtio observed between 
the thi-ow wlien the exploring coil was placed lialf-way up tlie 
magnet limlia and wlien it was placed around the armature. 
If the exploring coil had been placed higher up, and if the 
armature had been excited so as to exert a demagnetizing 
action, the leakage coefficient would have been found to be at 
least 1-4, 



Calcolation of Leakages. 

It is possible to predetermine, from tlie working-drawings 
of a dynamo before it is built, the probable amount of leakage. 
Calculations of tlie leakage are ba^ed upontlie principle that 
where a circuit offei-s alternative paths, the magnetic flux will 
divide itself between the paths in the proportion of their 
relative facility for flow, exactly as an eleotiic cunent dividett 
where there are alternative conducting paths. In fact, the 
law of shunta has been found to hold good for magnetic lines. 
Tlie reader should consult the researches of Ayrton and 
Perry' on this point. It follows that along any branched 
path the joint ptrmeanre ' (or magnetic conductance) will be 
the sum of thu permeanoes of the separate paths. Hence, if 
the permeances of the separate paths of the useful and waste 
magnetic fluxes of a dynamo are known, the coefficient of 
allowance for leakage, v, can be calculated, it being tlie ratio 
of the total flux to the useful flux. Call the useful flux « 
and the wasteful flux w : then 



But each of these ia a complicated quantity ; therefore the 
more complete formula is 



In order to determine the separate permeances along the 
various leakage paths, we must resort to some useful rules or 
letatnas originally suggested by Professor Forbes,^ which 
consist in certain approximate integmtions. For the con- 
venience of British engiueeis the values have been recalcu- 
lated into inch measures instead bf centimetre measures. 
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' Journ. Soc. Tfleg. Englnetrs and EleclHciaiiK, 530, 1881. 
* Ptrmeancf is ot courae llie reciprocal ot niBgnetk rpUiclancf ; 
eleetiicUjF coiiduclsnce Is llie reciprocsl of electric resisWiii.'e. 
' Journ. aoe. TfUg. Englnferx, xv. .151, 18S0. 
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Mule L — Permeance between two parallel areas facing one 
another. Assume (Fig. 97) that the magnetic lines are 
straight and equally distributed over the surfaces : then, 

Permeance = 8*1918 X mean area (square inches) -r- distance 

(inches) between them 
- 1-696 X (A/' X A/0 ~ iT'. 













&•*■< 






Fig. 97. 






Fig. 98. 



^leZ^ iJ. — Permeance between two equal adjacent rectangular 
areas lying in one plane. Assuming CFig. 98) lines of leak- 
age to be semicircles, and that distances d^"and dj" between 
their nearest and furthest edges respectively are given ; also 
a" their width along the parallel edge : — 



Permeance = 2-274 X a" X logj ^ 







(••^•■v.. 



~ / \ \ ./ 



c5 



1 t ' \ 



Fig. 99. 



Mule III. — Permea7ice between 
two equal parallel rectangular 
areas lying in one plane at some 
distance apart. Assume (Fig. 
99) lines of leakage to be quad- 
rants joined by straight lines. 



Permeance = 2-274 X a" X log ^ o S ^ +^L^^^^^^1^^ \ . 

Rule IV, — Permeance between two equal areas at right- 
angles to one another. 

Permeance = double the respective values calculated 

l>y II. 
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If measures are given in centimetres these roles become 
the following: — 

I. (iA,+A,)-5-dL 

n. jhyp. log.^. 



ni.^hyp.log.(l+:^i^) 



Using these rules to predetermine the leakage to fly- 
wheels, pedestals and shafts, it is possible from the working 
drawings to piredict the performance of a machine to within 
2 per cent. 

The author has given (in his work on The Electromoffnei) 
some further rules, including the case of leakage between 
two parallel cylindrical limbs. 

In the fourth edition of the present work an example of 
the application of these rules to the calculation of the leakage 
of an actual dynamo was given in great detail. 
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CHAPTER VIII. 

FORMS OF FIELD-MAGNETS. 

With the principle of the magnetic circuit to guide him, the 
reader will have little difficulty in judging of the relative value 
of the various designs of field-magnets ; for he will remember 
that the magnetic circuit of highest permeability will have the 
most compact form, greatest cross-section, softest iron, and 
fewest joints. In many cases, however, the structure which 
acts as magnet has also to do duty as a framework, involving 
other considerations. Theoretically it is better that the field- 
magnet of a simple 2-pole macUine should be constituted of 
a single magnetic circuit than of two (see p. 150) ; though for 
practical structural reasons the double circuit is pi'eferable in 
some cases. A double circuit, that is to say one resembling 
No. 3 or No. 8 of the accompanying Fig. 100, has in general 
the advantages that it affords a more stable framework, and 
that its magnetic field is less liable to distortion than that of 
No. 2. These points shonld be borne in mind in considering 
the forms depicted in the accompanying figures. No. 1 of 
these illustrations shows the form adopted by Wilde for use 
with the shuttle-wound armature of Siemens. Two slabs of 
iron are connected at the top by a yoke, and are bolted below 
to two massive pole-pieces. There are four joints in the 
magnetic circuit in addition to the armature gaps, and the 
yoke is insufficient. No. 2 shows the form adopted in the 
Edison dynamos (standard bipolar pattern). The upright 
cores are stout cylinders. The yoke is of immense thickness ; 
the pole pieces are massive, but their lower comers are cut 
away. There are as many joints as in Wilde's form ; but 
such a circuit should possess a far higher magnetic con- 
riiiotiyity than Wilde's, owing to the greater cross section. 



Forms of Field- Magnets. i 

1 One difficulty with sucli single circuit forms is how to raount 
them upon a suitable bed-plate. If mounted on a bed~plste 




of iron, considerable fraction of the magnetism will be short- 
circuited away from the armature, as has been slinwu in the 
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preceding chapter. In the larger form. No. 10, used at one 
time by Edison, this difficulty was only partially obviated by 
turning the magnets on one side. 

A favorite type of field-magnet, having a double magnetic 
circuit wiUi ^^ consequent " poles, is represented in No. 3 ; it 
was introduced by Oramme. It may be looked upon as the 
combination of two such forms as No. 1, with common pole- 
pieces. Nos. 8 to 9 may be looked upon as modifications of 
a single fundamental idea. No. 4 gives Uie form used in the 
Brush dynamo (plan), the two magnetic circuits converging 
upon the ring armature. The diagram will serve equietlly for 
many forms of flat-ring machine ; but in most of these the 
poles at the two flanks of the ring are joined by a common 
hollow pole-piece, embracing a portion of <the peripheiy of the 
ring. No. 6 shows an early form of Siemens, with arched 
ribs of wrought iron, having consequent poles at the arch. 
The circuit is here of insufficient cross section. No. 6 depicts 
a form adopted by *Weston : and very similar forms have been 
used by Crompton, and by Paterson and Cooper. There is a 
better cross-section here. No. 7 is a form used by Burgin 
and Crompton, and differs but. slightly from the last. It has 
one advantage — that the number of joints in the circuit is re- 
duced. No. 8 is a form used by Crompton, Kapp and others. 
No. 9 is the form adopted in the little Griscom motor. No. 18 
is a further modification due to Kapp. No. 19, which also 
has consequent poles, was used by McTighe, by Joel, and by 
Hopkinson (" Manchester " dynamo), b)*^ Clark, Muirhead & 
Co. (" Westminster" dynamo), by C. E. L. Brown (Oerlikon), 
and in some of Sprague's motors ; but with slight differences 
in proportions of the details. The main difference between 
No. 19 and No. 6 lies in the position selected for placing the 
coils. No. 19 requiring two. No. 6 four. No. 20, which is a 
design of Elwell and Parker, is a further modification of 
No. 3, and would be improved by having a greater cross- 
section. In No. 3 (Gramme), it is usual to cast the pole-pieces 
and end-plates, but to use wrought iron for the longitudinal 
cores. The requisite polar surface must be got by some 
means, and when the core was made thin, the two courses 
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open were either to fasten upon the core » massive pole-piece 
(Nos. 1, 3, 4. 6, 7, 19, 20), or else to arcli the core No. 5 80 
that ltd lateral surface was availiible as a |K)le. Now, how- J 
ever, that it is known that massive cores are of advantage, the I 
requisite polar surface can he obtained without adding any I 
polar expansion or " piece," but by merely shaping the core 1 
to the requisite form (No. 8). This must not l>e reg-ardedai 
a tliinniiig of the magnet ; for thougli mere reduction of cross- 1 
section at any part of tlie circuit would reduce the magnetio 1 
conductivity, reductioji of the thickness for the purpose of J 
bringing the armature more closely into the circuit will have ] 
quite the opposite effect. In fact the horizontal bars above I 
and below the armature might" be thinned away to iioLhirig ab \ 
their middle point, but fur structural reasons. In all such | 
forma of double magnetic circuit each half of tlie field-magnet J 
may be regarded as having to furnish magnetic lines to i 
civil hulf of the armature. Nos. 11 to 15 illustrate forni.s aV\ 
field-raagnet having salient, as distinguished from conmegxtentM 
poles. No. 11 is a double Gramme machine designed by- 1 
Deprez. Nos. 12 and 13 are two of tlie innumerable patterns i 
due to Gramme himself. Tliese are both of cast iron ; and it 
will benoticed that inNo. 13 there are no joints, it being caat J 
in one piece. No. li is a form used by HochhauBen, and i 
practically identical with 21, save in the position of the axis I 
of rotation. 'The iron flanks of No. 14 tend to produce aJ 
certain short^iircuitiug of the magnetism by their proximityS 
to tiie pole»^ and their sectional area is insufficient. No. 15, 1 
used by Van de Poele, is similar. No. Ii3 is the form used by 1 
the author in small raotore, and is cast iu one piece. The ) 
semicircular form adopted for the core was intended to "' 
reduce the magnetic circuit to a minimum length. No, IT j 
has salient poles reinforced by other electro-magnets within I 
the aiToature. No. 21 shows iu section the double tubular I 
magnets of the Thomson-Houston dynamo, the spherical J 
armature being placed, as in Nos. 12, 14 and 15, between two 1 
Bslieut poles. There is a curious analogy between Nos, 21 [ 
and 19 ; but they entirely differ in the position o£ the coila. 
No. 22 is a design by Kapp, in which there are two salient polea I 
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of Himilar polarity, and two conseijueiit poles between t 
oue pair of coils sufficing to magnetize the whale quadiup] 
eiivuit. Almost idei 
tical forms have 
employed ty Kankirt 
Kennedy ("■ iron-olad'*! 
dynamo). No. 
Lahmeyer and W«i 
triiin employ iron-clad 
forms resembling No. 
I.'.. That of Wens-_ 
ti'iiiik has for its yolcf 
an external 
cylinder. No. 23. T\^^ 
101, with armature at 
Lhe top, is known an 
llic "over-type" of 
lii|iuhir machines. It 
is an old form which 
was i-evived in 1884 
by Gramme (** t'TpS^H 
sup^rieur"), by Kapp,^^ 
by Siemens and by 
othera. No. 24 is 
Brown's very massive 
form. No. "26 is de- 
signed by Prof. George 
Forbes. The iron- 
work is in two halves ; 
the coils, which are 
entirely enclosed, are 
so placed aa to mag- 
netize the armature 
tlirectly. one coil 
occupying all th«g 
available space 
iween the field^uagm 
1 the other the simila 



and the upper half of the armature 
^«ce ai-oiind the lower half. No. 27 is a 4-pole foi 
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Forms of Fuid-Magneis, 

adopted by Elwell-Paiker, and also by Crompton. No. 2* 
a mullipolar form, used by Wilde, Gramme and otliet's, 1 
poles which surrouud the ring being alteinatety of opposite I 
sigii. It is now largely used for alternate-current macliinea 1 
such as those of WestinghoHse,Matlier and Piatt (Ilopkinson), J 
and others. In No. 22, a modification of this design by Tliury, I 
for use with a drum armature, the six inwai'dlyKlirected poles I 
are magnetized by coils wound upon the external hexagonal ' 
frame. No, 30 ia a sketch of a form introduced by Siemens 
and Halske, and also by Ganz, Fein and others, wherein an 
external ring rotates outside a very compact and substantial 





Flos. 103, 103.— Typical Forms of Field- mau nets. 

4-pole electro-magnet. Similar machines, but with mora I 
than four internal poles, are largely used in Germany, for largs j 
central-station machines. 

Another form of field-magnet ia shown in No. 31. This, ' 
wliich is a single horse-shoe with but one coil niton it, was ' 
a design by the author of this work early in 1886: i 
Ik^en used largely by Goolden and Co., by Greenwood and j 
Batley, and oilier British makers. No, 32 repi-esents alsc 
machine requiring hut one coil, and is of the iron-clad typo 
It was devised by McTighe in 1882, and has been revived | 
by Stafford and Eavea. A pattern designed by Mordey fop * 
the Brush Comprjiy resembles No. 32, but has an extenial 
iron cylinder to enclose the coil. In Fig. 96 is represented 
Ijahmeyer'f* form, also with inward-pointing poles: like tiro 
preceding it belongs to the " iron-chul " type, the yoke of the 
ni^net being exterior. 
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Eickemeyera dyiiaiuo (Fig 104} realizes the suggestioal 
of Foiljctp to place the magnetizing coils over the uimatureJ 
The LuiLs, which are sepaiatelj wound on formers, fit int* 
recesses between the upper aii^ 
low ei yokes and the inwardly piw 
jecting polar masses. Fig. 105 
gives 1 view showing the interior 
disposition when one of the polar-^ 
masses is removed. Tlie defec 
of such forms is the difficulty i 
\6iitilating the closely encio! 
uniatui-e. 

A tyjjical form for alternatd 
curieiit machines is that ; 
duced by Wilde, and used by Sie-J 
mens, Ferranti and others, hav 
two crowns of alternate poirt 
facing one another. 

Fig. 107 represents a fonn ofl 
4-pole field-magnet used by the Brush Company for theipfl 
Victoria (Mordey} machines, having double magnetic oircuits^a 
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Forms of Fkld-Magit£ts. 

and consequent poles. The cores to receive the coils are of 
wrought iron, whilst the end frames and pole-pieces are cast. 





Flo 107.— Four Poia ( 
Magnet (MoROBif). 



This should be conti-asted with the fnnn of 4-iK)le magnet, 
Fig. 108, designed in 1888 hy Browii, and constructed by the 




Flo. 108.— FODK-POLE Maonet (Browm). 



Oerlikon works, for some large 300 horse-power machines for 
tntnainiasion of power. These are made entirely of cast iron. 
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and have salient poles. The direction of the flux through 
these machines is indicated by dotted lines. 

Tlie most notable departure in the forms of field-magnets in 
recent yeai-s is that due to Mordey, in whose alternator there 
is a field magnet (see Fig. 419 and Plate XIV.), which, though 
it possesses but a single magnetic cii-cuit with one exciting coil 
upon it, is nevertheless multipolar. This result is attained by 
the use of multiple pole-pieces which subdivide the magnetic 
flux into a number of separate magnetic fields. The field- 
magnet of the three-phase alternator (Figs- 422 and 425), 
designed by Brown for the transmission of power from Lauffen 
to Frankfort, is also of this improved kind, with a single ex- 
citing coil. In many recent machines a similar simplification 
is to be found. 

Among such a multiplicity of designs one seeks for some 
indication as to the best. But the best for one purpose is not 
the best for all. Some designs are suitable for cast iron ; 
others for wrought iron ; others again, such as Figs. 102 and 
107, are expressly intended to be composite, having wrought 
cores for the bobbins and cast polar masses. It is desirable, 
where possible, to have the core upon which the coils are 
wound cylindrical, as that shape has the least perimeter for a 
given sectional area, and in consequence allows a saving in 
copper wire as well as making the winding simpler. Of 
course cylindrical cores are not suitable for machines with 
long drum armatures. There is a tendency at the present 
time to make the wound core of a material of high perme- 
ability, so that its perimeter can be reduced and a saving 
effected both in iron and copper. As the exciting coils are 
generally wound on detachable reels, the shape of the field- 
magnet should peiinit of these being put off and on. For small 
machines a simple circuit is probably the best. For large 
machines it is found needful to multiply the number of poles : 
and for alternators, multipolar forms are necessary for 
obtaining a sufficiently frequent alternation of currents. 

Probably the future will see a general simplification of multi- 
nolar forms by the adoption of branched magnetic circuits. 
L calculating those forms which have double or multiple 
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mi^netic circuits, it is usual to simplify mattei's by considering 
one element of the whole, and making the calculations for it. 
Tlius, for example, in Fig. 109, which depicts the half of such 
a machine as No. S of Fig. 100, it is sufficient to calculate the 
magnetic reluctances of h^ilf the macliine in order to ascertain 
the number of amjiere-turns that must be wound upon it; 
a similar number being wound upon the other half. Forms 
with a double magnetic circuit are preferable to those, such 
as Nos. 2, 23, and 31, with a single magnetic circuit, in all 
cases where there is likely to be much armature reaction. 
For in such form as No. 23 the Held is weaker under the two 



idering ^^| 
a for it. ^^ 
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upper pole-tips than Iwtween the two lower ends of the pole- 
faces: in consequence, there isapowerfnl alti-aetion down- 
ward of the armature. Further, because of this inequality of 
field the cross-magnetizing force of the ainiature will produce, 
in the eiagle-magnet forms, an unsynimetrical distortion. As 
a consequence there is sure to be sparking at the brushes. 
For large-load bipolar aimatures it is advisable not only 
to use double-magnets, but to separate their two halves 
by a distance-piece of brass. 
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CHAPTER IX. 

ELEMENTARY THEORY OF THE DYNAMO. MAGNETO, AND 
SEPARATELY-EXCITED MACHINES. SERIES MACHINES. 
SHUNT MACHINES. 

ExPEBiENGE has showD that the main problems that require 
to be considered in the design of dynamos, are best solved by 
reference to the magnetic circmt of the machine as a whole^ the 
iron core inside the armature being regarded as a constituent 
part of that circuit. In all that follows the armature is re- 
garded merely as consisting of a certain number Z of con- 
ductors, grouped in a particular way around an axis of 
rotation, their function being to cut across the magnetic lines 
that are furnished by the magnetic circuit The symbol N 
stands for the magnetic flux^ which, in the case of bipolar 
machines, is the whole number of magnetic lines that traverse 
the armature^ entering it on one side and again leaving it on 
the other. For multipolar machines, ^ stands for the flux 
from one pole that traverses the armature. 

The number of revolutions per second made by the 
armature is denoted by the symbol n. It is found that the 
average electromotive-force generated by the armature is 
simply proportional to each of these quantities, so that by 
taking the appropriate units we may write, as will presently 
be seen, as the fundamental equation 

(average) E = n Z N [I-] 

In the present chapter an expression is first found for the 
average electromotive-force, which expression serves as the 
fundamental equation of all dynamos. Then by introducing 
appropriate formulae for the various circuits, equations are 
deduced for the various kinds of series-wound, shunt-wound 
and compound-wound dynamos. 
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lay be well lo point out that In this ami the succeeding chapters the ^H 


following symbols are iwed lu Ihe following significatioca ;— ^H 


A 


area, expressed In square centimelrfu, ^^| 


B 




b 


number of external wires in a. section of the ammture. In speak- ^H 




Ing of alternators b stands for "the breadth coefficient" (see ^H 




Chap. XSIII.). ^1 





angnlar breadth of a section of armature coil or of segment of ^H 




collector. ^| 


C 


current in external circull, 
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c„ 


current in armatare, 


expressed ^M 
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current in series coll or main circuit, 
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c. 


current in r^hunt coll. 


amperes. H 
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number of segments of collector or commutator. ^| 


E 


entire e!ectromoti?e- force generated in an arma- 


■ 




ture. 


"""£""' H 




difference of potential from terminal to terminal, 
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electromotive-force of soma external supply of 
electricity, 


^M 


7 






XXX.) ■ 


F 


force (i. e. push or pull), expressed in either ilynes, poundalti, ^H 




grammes' weight or poundu' weight. ^H 


H 


inlensitr of magnetic field (lines per sq. centlm. m nir). ^H 
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coefficient of self- induction. ^H 


. > 


average length of one turn of wire; also used for angle of lead. ^H 
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magnetic permeHhillly of iron. ^H 
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the magnetic flux, or whole nnmber of magnetic lines that traverse ^H 




a magnetic circuit. ^^| 
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n = the frequency. ^H 


u 


angular velocity (expressed in radianA-per-aecond). ^H 
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number of paiTK of poles. In alternate-currant problems the symbol ^H 




p is used for tlie puiiation, p = 2^n. ^| 
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resistance of shunt coils, 
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resistance ol scries coll on fleld-magnets. 






internal resistance of dynamo; equal to ro + r™ 
or tors +T, according to circumstances, 
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Sm number of turns in a coil in the main circuit, in series with 
armature. 

S« number of turns in a coil in shunt. 

T torque, or turning moment, or angular force, or couple, expressed 
in dyne-centimetres, gramme-centimetrea, metre-kHofframnies, 
or pound-feet, according to circumstances. 

T is also used in the section on alternate currents for the periodic time 
of the alternating current, measured in seconds. 

i time measured in seconds, 

V coelficient of allowance for magnetic leakage. 

y volts at terminals of dynamo or motor. 

W ) activity, or power, or work-per-second, expressed in watts or in 

w ) horse-power. 

Z number of conductors on armature, counted all round the peri- 
phery. 

f angle of phase difference between alternating currents or electro- 
motive-forces. 
Wherever inch units are used instead of centimetre units, the marks 
used on p. 104 will be employed for distinctfon. 



Fundamental Equation of Dynamo. 

To find the average electromotive-force of a moving con- 
ductor, we must remember that, by definition, see p. 22, 
this is (in absolute C.G.S. units) numerically equal to the 
number of magnetic lines that are cut in one second by 
the conductor. Also the practical unit, the volt being by 
definition equal to 10® absolute C.G.S. units of electromotive- 
force ; it will be necessary to divide the number of C.G.S. 
units by 10® in order to reduce the number to volts. 
Further, when there are, as in the armatures of dynamos, 
a number of conductors in series with one another, the total 
electromotive-force of the dynamo will be equal to the sum 
of the electromotive-forces of those conductors that are in 
series with one another. The fundamental equation will 
then be written : 

(average) E (in volts) = n Z N -^ 10® .... [la.] 

We will deal first with an ordinary two-pole dynamo, 
having an armature in which the number of "sections" is 
denominated by the symbol c; the number of "segments'* 
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or "bars" in the commutator or collector will alaobe c. Let 
there be in eiich section b external wires or conductors, ati 
counted on the outside of the armatui'e core. (In ring 
armatures there will be the same number of external wires as 
there are loops or windings in tlie section ; in drum armatures 
there are twice as many exlenml wires as there are loops or 
windings in the section.) Then the number of external con- 
ductoi-3 orwires, reckoned all round the armature, will be 6 c; 
it will be more convenient to use the single symbol Z for this 
number. The number of external conductors or wires that 
are in series with one another electrically from brush to brush 

will be - or \ Z. Now let the armatui'e rotate with a speed 

of n revolutions per second. (Engineeis usually count the 
revolutions made in one minute, necessitating division by 60 

to get n.) Then one revolution will take - part of I second. 

We are now ready to calculate the electromotive- force. 
No. of lines ait btf 1 external wire in 1 revo- 
lution = 2N 

(because each wire cuts all the lines where they go in at one 
side of the armature, and where they come out on the other) ; 
No. (^lines eut hif 1 external wire in 1 second ^ 2 n N ; 
No. <if lines nit by ^ 7^ external wires in 

teries in 1 genotui =2n X.N i^-: 

No. of lines ait by J Z external wires in 

series in 1 second ^= nT. \-\. 

Average electromotive-force (in C.G.S.units) ^ n Z N ; 

I0« 



Average etectromotive-force (in voltii) . 



[I,-.] 



It will be unnecessary in every case to write the divisor 
10* in the fonnula, because it is easily remembered that, if 
omitted for the sake of brevity, the numt)ers obtained can be 
transformed at once to volts by so dividing down. 

For many purposes it is more convenient to have the 
fundamental equation in terms of the angular velocity. Let 
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the symbol w represent the angular velocity. Then «» = 2 ?r n ; 
for, in each revolution, the angle described is 2 :r radians or 
360 degrees. Consequently n = w/2 r, which gives ; 

(Average) E = ^ZN [K.] 

It will be observed that this electromotive-force is simply 
an average ; and it depends on the construction of the arma- 
ture how much fluctuation there is in the value during a 
rotation. 

If, as in Fig. 110, the armature had but two external con- 
ductor forming a simple loop, then the electromotive-force 
would fluctuate between zero and a maximum. Calling the 

lowest point of the ro- 
~^ ^^^:;;~ tating loop in its verti- 

.^^Nk ^ — c^l position O*', then the 

^^^^i^^T \ ^ position on the left of 

;«..»I^Vj^C^. I J^ ^\^Q dotted line will be 

\ ^^sliL/ 90**, if we reckon the 

|1 rotation in the clock- 

wise direction. The 
Fia. 110.— iDEAii Simple Dynamo. top point will be 180°, 

and the point on the 
extreme right 270°. Then the induced electromotive-force 
will be zero as the coil passes through 0° and 180° (for at the 
positions 0° and 180° the conductors will be sliding along rather 
than cutting, the magnetic lines), and a maximum as the coil 
passes through 90° and 270°. The rate of enclosing or 
" cutting " will be a maximum when the actual number of 
lines enclosed is a minimum^ and vice versd. (See p. 31.) 

At any intermediate angle, if the field is uniform, the 
actual number of lines of force enclosed is proportional to the 
cosine of the angle through which the coil has turned from its 
zero position, and the electromotive-force will be proportional 
to the sine of that angle. Strictly speaking, we ought to take 
the sine with a negative value to represent the electromotive- 
force, because as usually defined the induced electromotive- 
•ceis proportional to the rate of decrease in the number of 
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lioes of force enclosed. We need not, however, trouble about 
signs, because, if the brashes are properly set at the commu- 
tator, all the induced electromotive-forces are thereby made 
to act in the same direction through the external circuit. 
The angular velocity being 2 m, the angle passed through in 
an interval of time of t seconds will be 2 >r m (. Calling this 
angle ", and reckoning it from the lowest point as before, the 
electromotive-foice iu the loop at any time t may be cal- 
clated as follows: — The number of lines of foree enclosed 
when the loop has turned through angle o is = N cos = 
^ cos 2 s n e ; hence the i-ate of cutting will be 2 s n [^ sin ^. 
Now, since the average value of sin o, between the limits 
fl ^ 0° and ^= 90°, is 2 / r, the average electromotive-force 
■per loop may be obtained by substituting this value, giving 113 

Average E per loop ^ 4 n N, 
And since the number of loops that are in series between 
brush and brash is i Z, we have finally 

(Average) E ^ n Z N, 

If the coil consisted of many turns all wound round in one 
group, like tlie Siemens shuttle-wound armature, p. 33, the 
same expressions would obviously hold good on substituting 
the proper number for Z. 

Fluetuationa of Electromotive. force. — As explained above, 
the actual induced electromotive-force is proportioned to the 
sine of the angle through which the coil has turned, or 

E = 2 ^ /I IM sin X 1 Z, 



E = ^ w Z N sin ff 



[II.] 



As increases from 0° to 360°, the value of the sine goes from 
to 1, then from 1 to 0, from to -1 and from -1 back to 0. 
The values of the sine are depicted, in Fig, 111. The same 
curve may serve then to show how the electromotive-force 
would fluctuate if there were no commutator. But the action 
of the commutator is to commute the negative inductions 



L 



174 



DyftanuhElectric Machinery. 



into positive ones ; the brushes being so arranged as to slide 
from one part of the commutator to the other at the moment 
when the inverse induction begins. This gives the curve the 
form of Fig 112, which therefore represents how the voltage 
pulsates in the circuit of a simple old-fashioned shuttle-wound 
Siemens armature. Now if we could level these hills, and 




Fio. 111. 

change our undulating induction into a steady one, we should 
get a single straight line, shown in Fig. 112 as a dotted line 
enclosing below it a rectangular area equal to the sum of the 
areas enclosed by the sinuous curves, and therefore at a 
height which is the average of the heights of all the points 
along the curves : in fact, since each sinuous curve is part of a 




190' 



Fig. 112. 



27a • 



MO- 



curve of sines, the average height will be 2 / r, or about r^^ of 
the maximum height. In consequence of self-induction in 
the coils, the current will not actually fluctuate ^ as much as 
the voltage, the hollows being partly filled. 

1 See remarks by Cromwell F. Varley in Phil, May,, 18<J7, and by Puluj 
In Sitzungaber, Wien, Akad.^ Ila, May 1891. 
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Fluctuations in a Oloaed-coiUd Armature.— Aa shown t 
pp. 39 and 60, it is, for reasons of coiistructioii, usual to 
wind armaturti coils in two sets connected in parallel. If | 
each of the two coils consisted of 100 turns, their joint , 
effect in inducing electi-oniotive-force would be no greater 
tJian that of either of tlieni sepamtely, but the internal 
resistance of the armature would be halved. From this point 
onwards in the argument it will be assumed that the arma- 
ture windings consist of paira of coils. Thus, instead of one 
coil of 200 turns, as shown in Fig. 113, we shall take it that 
there is a pair of coils each of 100 turns, as in Fig. 114. 

Now suppose that, in order to get a less fluctuating eEFect, ' 
we divide each of our original single pair of coils into two 
parts, and set these at right angles to one another. To take 



I 




Fio. 115. 



L 



a numerical case, suppose there were originally 100 turns in 
each coil, and we split each into two coils of fifty turns, but 
set them across one another so tliat one comes into tlie best 
position in the field as the other is going out of it. (This 
arrangement is indicated in Fig. 115, which maybe contrasted 
with Fig. 114.) In this case we shall have two sets of ovei-- 
lappin^r curves — each of them will have to be put half as 
high as before, because the equivalent area of each coil is 
only half what it was for the whole coil. Then, if there were 
no commutator, the induced electromotive-force in the two 
sets of coils would fluctuate as shown by the two curves of 
Fig. 116, whicli differ by a quarter-period from one another. 
But if the ends of the two "sections " of the coil are joined 
to a proper commutator, all the "invei-se "inductions will 
be commuted into " direct " ones, and the two curves would 
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then become as in Fig. 117. The next process is to ascertain 
what the joint resnlt of these oTeilapping electromotive-forces 
will be : it is evident that from V and 90^ the two inductive 
actions are assisting one another, and that at 45^ thev are 
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equal. The nett result here is therefore double either of them ; 
and, in fact, the curve representing the mim of the two curves 
is given in Fig.118. This curve shows at once a step towards 
ctmtinuitifj as the fluctuations are far lesQ than those of the 
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single coil. Fig. 112. If, as before, we level the undulating 
tops by a dotted line, we get precisely the same height as 
before. The total amount of induction (the total cutting of 
lines per second) is the same, and the average electromotive- 
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force is the same. There is no gain, then, in the total electric 
work resulting from rearranging the armature coils in two 
sets at right angles to each other ; but there is a real gain in 
the greater continuity and smoothness of the current. 
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Tf we again split our coils and arrange them as shown in 
Fig. 119 at angles ot 45°, in four sets of pairs of coils of 
twenty-five turns each, and connect tliein up to a pi-oper 
commutator, we shiiU get an effect which is very easily repre- 
sented by conatriicling two curves, each similar to the last 
hut each of half tlie height, and compounding 
them together (Fig. 120). One of tliem will 
of course have the maximum heights of crests 
occurring 45° further along than those of the ^ 
other curve ; and when these are compounded 
together we get for a resultant a curve shown 
in Fig. 121, whioh has exactly the same 
average height as before, but which lias still 
less of fluctuation. It is easily conceived that this process 
of dividing the coil into sections, and spacing these sections 
ont at equal angles symmetrically, would give us a result 
approaching as near as we choose to an absolutely continuous 




one. If our original pair of coils of 100 turns each were split 
into twenty seta of paira of five turns each, or even into ten 
sets of pairs of ten turns each, the approach to continuity 
would be very nearly truly attained. 

Calculation of Fluctuationa. — If the variations of tbe electro- 
motive-force literally followed a sine law, it would not be difficult 
to calculate the amount of fluctuation when a commutator 1 
any jiarticular number of aegrments is used. Some calculations 
on this basis given iu previous editions showed that with a 
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part commutator the fluctuations were less than 1 per cent, of the 
whole, and with a 36-part commutator they were less than | of 1 
per cent. But as a matter of fact the distribution of the field in 
the part where coils are commuted does not obey any such law ; 
and in the absence of information as to the exact way in which 
the induction of electromotive-force varies in the fringe of the 
field, such calculations may be very wide of the mark. It suffices 
to know that a 20-part commutator in a bipolar field gives fluc- 
tuations that are practically negligible, so that if it were not for 
other considerations — such as avoidance of sparking — ^it would be 
a useless refinement to employ commutators having more numer- 
ous segments. 

Measurement of Fluctuation. — The relative amount of fluc- 
tuation in the current furnished b^A' dynamo may be observed 
by noticing the inductive effect on a neighbouring circuit into 
i^hich is introduced a Bell telephone receiver. If the current is 
steady there will be no sound heard. If it fluctuate, each fluc- 
tuation will induce a corresponding secondary current in the 
telephone circuit, and the amount and frequency of the fluctua- 
tions may be estimated by the loudness and pitch of the sound in 
the telephone. The fluctuations in the current of a Brush arc- 
light dynamo are in this manner readily detected. 

Effect of Non-simultaneous Commutation. — If the brushes are 
not so set that the sliding of contact under one brush is not ac- 
complished at the same instant as that under the other brush, 
then it is clear that there will be slightly unequal electromotive- 
forces in the two halves of the armature circuit. This momentary 
inequality will die out, to be succeeded by another inequality (of 
opposite sign) when commutation occurs at the other brush. The 
effect will be the same as though a small alternating current 
having 2 n c periods of alternation per second were made to act 
around the circuit of the armature. Such effects may be occa- 
sioned in armatures by various causes; if the number of sections 
in an armature be an odd number ; if the number of conductors 
in all the sections are not alike or their connections are unsym- 
metrical ; or, lastly, if the contact-edges of the brushes do not lie 
exactly at opposite ends of a diameter. 

Measurement of the Flux N- — An important problem is how 
to measure the actual number of magnetic lines that pass through 
the armature. This number is really best ascertained by calcula- 
tion from the performance of the machine itself. The speed 
being observed by aid of a suitable speed -counter, the number of 
conductors round the armature being known, and the whole 
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eleetroraotix-e- force generated in the machine being measured by 
proper electrical methodfi, then it only remains to apply the fun- 
damental formula, transformed so as to calculate back to N :^ 



To measure £ while the machine is running, it must either be 
run upon known resistances (so as to enable E to be calculated 
from Ohm's law); or E may be calculated by measuring (see p. 
181) the difference of potentials at the btushes with a voltmeter, 
and then calculating from the resistance of and current in the 
armature the volts lost internally, which, added to the measured 
Tolts, make up the whole E. 



The Magneto-Machine and the Sepaiiately- 
ExcLTED Machine, 

In magneto dynamos, in which the field is due to per- 
manent magnets of steel, ^ depends Ixith on the magnetism 
of the steel and on the iron core of the armature. The 
number of lines that find their way through the armature is, 
however, lessened by the reaction of the armature when a 
large cun-ent is being dmwn from the machine. If the mag- 
netism of the field-magnets were so overpoweringly great, as 
compared with that due to the armature coils, tliat this 
reaction was insignificautlysmall, then, since our fundamental 
fnrniula is : 

E = » Z N, 

E would, for any given magneto machine, be directly propor- 
tional to w. the speed of rotation. But we know in pi-actice 
that this is not the case. The number of turns by which the 
speed, at any output, exceeds tlie number tliat would be 
needed for strict proportion is called the dead turns. Suppose 
wp turn a magneto machine at 600 revolutions per minute 
(m =j 10, for then there will be 10 revolutions per second) 
and get, say, 17 volts of electromotive-force from it, then, 
if there were no reactions from the armature, turning it at 
1200 revolutions per minute ought to give exactly 84 volts. 
This is never quite attained ; though in many machines the 
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direct proportion very nearly holds good, so long as no 
current is drawn from the machine to give rise to demag- 
netizing effects. In that case the only reaction that would 
cause departure from proportionality is.4;hat possibly due to 
eddy-currents. If the speed and the total volts generated 
in the armature are observed, and plotted out against one 
another, the straightness of the " curve " — which ought to be 
a straight line sloping down to the origin — ^will show how 
nearly the theoretical condition is attained. 

If the current in the armature is kept constant by in- 
creasing the resistances of the circuit in proportion to the 
speed, the demagnetizing action of the armature can be kept 
constant, even though the machine is giving out a current. 

In some experiments ^ made by M. Joubert at different 
speeds, the electromotive-force was measured by an electro- 
meter which allowed no current whatever to pass, and the 
theoretical law was almost exactly fulfilled. The observa- 
tions are given below. 

Speed 500 720 1070 revolutions per minute. 

Electromotive-force . . 103 145 208 volts. 

Potential at Terminals of a Dynamo. Lost Volts. — The 
potential at terminals of the magneto machine — and indeed 
of eveiy dynamo — is, when the machine is doing any work, 
less than E, the total induced electromotivcrforce, because 
part of E is employed in driving the current through 
the resistance of the annature. The symbol e may be 
conveniently used for the difference of potential between 
terminals. Only when the external circuit is open, so that 
no current whatever is generated, e = E. It is convenient to 
have an expression for e in terms of the other quantities, 
seeing that when any current is being generated it is im- 
possible to measure E directly by a voltmeter or by an 
electrometer, whereas e can always be so measured. 

Let ra be the internal resistance of the machine, that is to 
say the resistance of the armature coils, and of everything 
else in circuit between the terminals ; and let R be the 

^ See also experiments by Mordey, Journal I. E. E., xix. 233, 1890. 
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resistance of the external circuit. Then, by Olim'e law, if 
C be the current, 

E = C (r, + R). 

But by Ohra'a law also, if i? be the difference of potential 
between the tenninals of the part of the circuit whose 
resistance la K, 

e = Q. R; 
whence 

i = v^^ Lin.] 

R „ 

It is abo convenient to note that 

for this formula enables us to calculate the value of E from 
observations of e made with a voltmeter. But often the 
values of R are unknown : hence the following is more useful. 
By subtracting the second of the above equations from the 
first of them we get: — 

E - e = C r„. 



e = E - C r^ [IV.] 

This is equivalent to saying that the volts at the terminals 
are equal to tlie whole volts generated in the armature less 
the volts needed to drive the current C through the internal 
resistance r. The volts C r^, which are thus not available in 
the external circuit, are called tlie lost voltg : they will be less 
the smaller the internal resistance is. If e is observed by 
applying a voltmeter, then E can be found by adding to it 
the lost volts ; and these can l)e calculated by measuring 
with an amperemeter the current flowing through the arma- 
ture and multiplying this by the known internal resistance. 
In good modem dynamos the lost volts at full load do not 
amount to more than 2 or 3 per cent, of the whole voltage. 
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Melation between whole JSlectromotive-force and Difference 
of Potentials at the Terminals. — The essential distinction 
pointed out above between the whole electromotive-force £, 
and that part of it which is available as a difference of 
potentials at tlie terminals 6, may be further illustrated bj 
the following ^ geometrical demonstration. 

In a machine (such as are chiefly dealt with later) in 
which e is constant, E will not be constant, except in the un- 
attainable case of a machine which has no internal resistance 
Let r represent the internal resistance of the machine, in- 
cluding that of the armature and of any magnet coils that 
are in the main circuit (r = r^-^ rj) ; then, 

E = CR-fCr = « + Cr. 

If E is constant, then e cannot be constant when C varies ; 
and if e is constant, E cannot be. We have then two cases 
to consider : — 

(1) E constant — Take resistances as abscissae and electro- 
motive-forces as ordinates, and plot out (Fig. 122) O A =s r, 
A N = R, O B =^ E. The line B N represents the fall of 
potential through the entire circuit. Of the whole electro- 
motive-force O B, a part equal to C M is expended in driving 




FlQ. 122. 

the current through the resistances r, leaving the part A M 
available as the difference of potential at the terminals, when 
the total resistance of the circuit is represented by the 
length from O to N. Accordingly, at N erect a vertical line 
N Q equal to A M. Take a less external resistance R' = A N' 
and by a similar process we find that the corresponding value 

1 Elektrotechnische Zeitachrift, iy. 161, April, 1883. 
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of « is A M'.or N' Q'. Similarly, any number of points may 
be determined ; they will all lie on the curve A Q Q', which 
therefore showH how, as the external resistance is increased 
tlie terminal potential rises, whilst the whole electromotive- 
force i-emains constant and is represented by the horizontal 
line B R. The equation of this curve is given by the con- 
dition 

E-g j^, 

E — R + r 

whence (E-e) (R + r) = E r ^ constant; which equation 
is the equation of an equilatei'al hyperbola having O B and 
B R as asymptotes. 

(2) e constant. — As in the preceding case, O A ^ r ; 
A N ^ B ; and A M ^ e. From N (Fig, 123) di-aw the line 





-^K^ 




^-<%. 


M Q- 




, s ' 


■ t»i — -^ — > 





N M and produce it backwards to B. Then O B represents 
that value of E which will give e volts at terminals when 
R = N M. Accordingly set off at N the line N R = O B. 
In a precisely similar way draw N' B', to correspond with any 
other value of R, and make N' R' equal to O B'. N' R' repre- 
sents the value of E when the value of the external resistiince 
R is equal to A N'. By determining other values we obtain 
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the successive points of the curve R R', which shows how the 
whole electromotive-force must vary in order to maintain a 
constant difference of potentials at the terminals, as repre- 
sented by the horizontal line M Q. The equation to this 
curve (also an equilateral hyperbola) is given by the condition 

E-e ^ 

r — R 

or 

(E — e) R = g r = constant. 

The Separately-excited Dynamo. — For separately-excited 
dynamos the same formulae hold good as for magneto 
dynamos ; but in this case N depends upon the strength of 
the independent exciting current. 

In estimating the nett (or commercial) eflSciency of a 
separately-excited dynamo, the energy spent per second in 
exciting the field magnets ought to be taken into account. 

Characteristic of Magneto Machine^ and of Separately-excited 
Dynamo, — In the magneto dynamo the magnetism of the steel 
magnets is approximately constant. So is the magnetism in 
the iron of separately-excited machines if the exciting current 
is kept constant. This has given rise to a common idea that 
in such machines the electromotive-force depends on the speed 
alone. This is not true. For owing to the cross-magnetizing 
and demagnetizing tendency of the currents in the armature 
coils, the number of magnetic lines that actually traverses 
the armature core diminishes when the currents in the arma- 
ture are strong. The stronger the current in the armature 
the stronger the reaction. And, as explained on p. 84, the 
demagnetizing tendency increases with the lead given to the 
brushes. As will be explained (p. 196), it is convenient to 
plot out certain curves, known as characteristics^ to exhibit 
the relation that subsists between the electromotive-force and 
the current under different conditions of speed, resistance, 
&c. Usually one of the conditions assumed is that the speed 
is constant. Such curves are particularly useful for studying 
the various reactions that exist between the field-magnet and 
armature. 
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A careful study of tlie characteristics of separately-excited 
dynamos was made by Mr. W. B. Eeson,' who gave tlie 
following curve for a separately-excited dynamo having a 
modified Pacinotti rinfj anmiture. The line E (Fig. 124) 
represents the total electromotive-foreo if there were no 
reactions. The line e represents the values of the potential 
between the bnisheH of the machine as it would be if there 
were no reaction. 

The curved line B gives the actually-observed values of a 
wheu different currents were taken from the machine. Thi 
greater drop at the lower end 
of the curve is prolwbly due 
to tlie greater demagnetizing 
effect when there is a con- 
siderable lead at Uie brushes. 
The characteristic always 
showssuch downVard cuiva- 
ture more when the field- 
magnets are weakly excited. 

Efficiencif and Economic 
Ctxfficient of Di/riamos. — 
Supposethat we know the ac- 
tual mechanical horae-power 
applied in driving a dynamo. 
This can be measured directly 
either by using a tninsmis- 
sion dynamometer, or by tak- 
ing an indicator diagram 
from the steam engine that is driving it, or, in certain special 
ca^es where the field-magnets can be pivoted or counterpoised, 
by applying the method orginally pursued by the Rev. 
F. J. Smith, aud later described by M. Marcel Depiez and 
by Professor Brackett, in which the actual mechanical inter- 
action between the armature and field-magnets is utilized to 
measure the horee-power used in driving the machine. If, 
tlien, we know the mechanical horse-power applied, and it 

'Electrical Review, xiv. 393, April 1884. See also papers bj M. Marcel 
Deprez, Compter Rendus, zclv. pp. 15 and 8 
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we measure the output of electric horse-power of the dynamo, 
we have by comparing the mechanical power absorbed with 
the electric power developed, a measure of the efficiency of 
the dynamo. It must, of course, be borne in mind that 
part of the electric energy developed is inevitably wasted 
in the machine itself, in consequence of the resistance in 
the wire of the armature, and, in the case of self-excited 
dynamos, in the wire of the field-magnet coils. There must, 
therefore, be drawn the distinction mentioned on p. 107 
between the gross eflSciency of the machine, or as it is some- 
times called, its " eflBciency of electric conversion," and its 
iiett efficiency or commercial efficiency. We must, however, 
have the means of measuring the electric output of the 
dynamo. 

As is well known, the energy per second of a current is 
expressed as the product of two factors, namely, the number 
of amperes of current, and the number of volts of potential 
between the two ends of that part of circuit in which the 
energy to be measured is being expended. The number of 
amperes of current is measured by a suitable amperemeter ; 
the number of volts of potential by a suitable voltmeter. 
The product of the volts into the amperes expresses the 
electric energy expended per second, in terms of the unit of 
power denominated the watt (1000 watts = 1 kilowatt). 
As 1 horse-power is equal to 746 watts, the number of volt- 
amperes (i. e. of watts) must be divided by 746 to give the 
result in horse-power. If C represents the current in amperes, 
and e the difference of potential in volts, then the number of 
watts of power, for which we may use the symbol w^ may be 
written 

w^^eC-^'Ue [V.] 

The ratio of the useful electrical power realized in the 
external circuit to the total electric power that is developed 
in the armature is called the " electrical efficiency " or 
*' economic coefficient" of the machine. It may be expressed 
nlgebraically as follows : — If through an armaturc there is 
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flowing a current of C nniperes, nod ite total eleotra- 
motive-force be E volte, then its total electric activity will be 

= E Co (watts). 

If the volts of pressure between the terminals of the dynamo 
be e, then the useful activity is 



Using the symbol -q for the " economic coefficient," or so- 
called "electriea! efBciency," we have 



useful activity e C 

total activity E C^ 



or, if the machine has no shunt, 
same thing. 



) that C and C^ are the 



But we know that the ratio .-; depends on the relation of the 
internal and external resistance:^ for 



— — rr-(^see equation [III.]), 
r + K 



where R is the resistance of the external cireuit, and r the 
internal resistance (armature, magnets, etc.) of tlie machine. 
Hence, for a series dynamo or a magneto machine, 



-R' 



CVi.] 



Obviously, this coefficient will approach more and more 
nearly to itnit-jj the more that the value of r can be dimin- 
ished. For if a machine could be constructed of no internal 
resistance there would be none of the energy of the curi'ent 
expended in driving the current through the armature and 
wasted in heating its coils. 

We shall see later on how the expression for the economic 
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coefficient 19 must be modified in the case of shunt dynamos 
and compound dynamos. 

Remembering that the gross elebtric power of the m<achine 
is E Ca watts, or, in horse-power E C^ -^ 746, we have for the 
gro%% efficiency^ or efficiency of electric conversion, 

ECg 

H. p. X 746' 
and for the nett efficienct/^ or useful commercial efficiency. 

eC 

H. P. X 746 • 

It will be seen that, as the first of these expressions contains 
E, and the second e, the net efficiency can be obtained from 
the gross efficiency by multiplying by 17, the economic co- 
efficient. 

Variation of Economic Coefficient with Current, — It must 
be noticed before passing from this topic that since C, the 
current, enters into each of the expressions for efficiency as a 
factor, and as C depends not only on the I'esistance of 
the machine itself, but on that of the lamps, or other parts 
of the system which it is used to feed, the efficiency of the 
dynamo will differ at different loads. As a rule the effi- 
ciency of a dynamo is greater at low loads than at full 
load, owing to the circumstance that the heat-waste increases 
as the square of the current. This should be contrasted 
with the case of steam engines in which the efficiency is 
highest at full load. 



The Series Dynamo. 

In the series dynamo (see Fig. 125, also Fig. 89), thero is 
but one circuit, and therefore but one current, whose strongth 
C depends on the electromotive-foroe E and on the sum of 
resistances in the circuit. These aro : — 

R = the external (variable) resistance. 

r« = the resistance of the armature. 

r^ = the resistance of the field-magnet coils. 
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By Ohm's law — 

E = (R + »■„ + r„) C. 

Also e, the difference of potential between the terminals of 
the machine, is 

e = C R. 

It is also convenient to find an expression for the difference 
of potential between the brushes of the machiae ; the volts 
measured here being greater 
than e, because of the resists 
ance of ihe field-magnets ; 
and less than E, because of 
the resistance of the armature 
coils. For this difference of 
potential between brushes we 
will use the symbol t. Then, 
by Ohm's law, remembering 

that the current running '^^ R ■^ 

througli r„ and R is of y\q. 135. 

strength C, we have 

E = (R + r^) C = E - 7-„ C ; 
whence, also, 

. = K-(r. + r.)C. 

Eeonomic Coefficient of Senee Dynamo. — From Joule's law 
of energy of current it follows that the economic coefficient)), 
which is the ratio of the uaeful electric energy available in 
the external circuit to the total electric energy developed, 
will be 




useful work 
total work 



C'Rf 
C*CR+r„+rJ(^ 



-R + r. 



[VII.] 



This is obviously a maximum when r, and r„ are both 
very small. They are usually about equal. 
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Example. — In a Phceniz arc-lightiiig dynamo, designed by 
Esson, Va = 3*448 ohms, and r^ '= 4*541 ohms. If C = 10 amperes, 
the lost volts will be 79*89. 

Further than this we cannot go without introducing some 
kind of an expression to connect £ with the number of 
ampere-turns in the exciting coils. If we introduce the con- 
venient approximate formula of Frolich, as given on p. 143, 
we shall obtain some approximate djmamo formulae. These 
were given in detail on pp. 401 to 410 of the third edition of 
this book ; wherein also, at pp. 620, 627 and 682, were given 
the more elaborate developments by Frolich, by Clausius^ 
and by Riicker. 

The Shunt Dynamo. 

In the shunt dynamo, there are two circuits to be con- 
sidered ; the main circuit, and the shunt circuit. The symbols 
used have the following meanings. 

P == resistance of external main 
circuit (leads, lamps, &c,). 

r^ = resistance of armature. 

r, = resistance of the shunt cir- 
cuit (magnet coils). 

C = the current in the external 
main circuit. 

Ca = the current in the arma- 
ture. 

C, = the eun*ent in the shunt 
circuit (the lost amperes). 

Then, clearly. 




^ p ...... 



Fio. 136. 



Ca = C + C.; 



because the current generated in the armature splits into 
these two parts in the main and shunt circuits, and is equal 
to their sum. 

We may call that part of the whole current which returns 
through the shunt, and is not available in the external circuit, 
the lost amperes : in a good modern machine they are at most 
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only 2 or 8 per cent, of the whole output of current. 

tlie volts at the terminals, the lost amperes may be calculated 



For example, in the Kapp dynamo (Fig. 259), giving 200 
amperes at a pressure of 105 volts at terminals, r. was 31 ohms. 
hence the lost amperen were 3*4 and total current in armature at 
full load 2034 amperes. 

• Also, by Ohm's law, we have for e the elect 
between terminals, 

e = C R, 
and also 

e = C. r.i 

because the terminals for the main circuit are also the 

terminals for the shunt circuit. 

Further, since the nett resistance of a bmnched circuit is 

the reciprocal of the sum of the reciprocals of the resistances 

of its parts, the nett external resistance from terminal to 

Rr, 
terminal is equal to k , ■■ • ; and he'nce it follows that 
K +'■, 



. If < is H 

"I 

I 



^('■+lfe>-- 



We may at the same time find an expression for that part 
of the whole electi'omotive-force whicii is being employed 
solely to (jvereome the i-esistance of the armature, and which 
iw. of course, the difference between E the total electromotive- 
force.and e the effective electromotive-force between terminala. 

Ohm's law at once gives us 



E- 



:r..(C + C.). 



From this we also get 

e = E - r„ (C + C) [Vni.] 
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We will also £nd an expression for E in terms of e, and 
the various resistances. Taking as above 



E=(#^.+ ->« 



and writing for Ca its value as C + C^ and for these e / R and 
€/r. respectively, we get 

_ J R r, + R r^ + r, r. R -f r. 



or 

E 



= ^x^-(i+;r+^) • . . . [vni.Wr.] 



It may be noted that the expression (pH 1 — jis the 

sum of three conductances of three paths, and is therefore 
equal to the conductance of these three paths united in 
parallel with one another ; that is to say, the conductance as 
measured from brush to brush with the external circuit and 
shunt circuit joined up. Or, if we write V for the resistance 
of the whole system of machine and circuit, as thus measured 
from brush to brush, then the equation may be written 

The economic coefficient ri, is the ratio of the useful electric 
energy available in the external circuit to the total electric 
energy developed. 

By Joule's law there is developed in t seconds in the external 
circuit 

useful work = C* R f , 

and in the same time there is wasted on heating. 

energy spent in shunt = C.* r. f , 
and 

energy wasted in armature = Ca* Ta t; 
whence 

useful work _ C* R 

total work ~ C? R + C* r. 4- C«« r^ 

I 



R . C» ra + 2 C C. ra -h C.« r. 



l + r + 



r. C»R 
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EUminating the values of currents this reduces to the form, 

1 



• i+?(i+i:)+s+2j: 



Now, for brevity, write for the total internal resistance, r* + r, 
the single symbol r — 

1 



iy — 






For this ratio to be a maximum it is clear that, 



or 



whence 



€?R 






Ra=:.?V^'=rar.-% 



. must — 0, 



or 



R = V^r,r.y^5- [IX.] 

This equation determines what particular resistance of the ex 
temal main circuit will give the best economy with given in- 
ternal resistances. Now substitute this value in those terms of 
the equation for v which contain R, and we get as their values : — 

Rr_r /y^ _ j/ r^ r 






_ ^Tr^. 



r. 



whence 



useful work 



total work 14,2 yr^r ^r- 
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This may be still further simplified, for we know that the resist- 
ance of the shunt is very high compared with that of the arm- 

ature, possibly from 300 to 3000 times as great. If, then, -^-is so 

small a term in comparison with the other term as to be n^ligible, 
we get 

,= 1,; [X.] 

VV~r 
1 + 2-;:^ 

and since Va is small compared with r«, r is very nearly equal to 
r^ so that we may write, as an approximate equality, 

1 

1 + 2 -r^ 
or 

^^ ^—^ [XL] 

1 4- 2 . /!• 

This latter approximate value is identical with that given by 
Lord Kelvin in the Report of the British Association for 1881 : the 
equation No. [X]. is, however, more correct. It follows from 
equation [XI.] that the resistance of the shunt coil should be at 
least 324 times as great as the internal resistance of the armature, 
otherwise the efficiency will be lower than 90 per cent. 

It may be pointed out that it follows from equation 
No. [IX.] above, that when the resistance of the armature is 
small compared with that of the shunt, so that r« may be taken 
as equal to the value of r (which would be highly desirable 
if it could be attained in practice), then we should have 



R=|/r,r.; [XIL] 

that is to say, when the proportion between r^ and r, is made 
as favorable as possible, then the best external resistance to 
work with from the economic point of view is that resistance 
which is a geometric mean between the resistances of the 
armature and of the shunt coils, and any departure from this 
will diminish the value of the economic coefficient. 
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In the caae of machines for which an electrical efficiency ^H 
not exceeding 90 per cent, is sufficient, the rule works out as ^^ 
, follows :— Ascertain what number of lamps will be the usual 
full load : reckon the resistance of them when connected to 
the mains. Let the armature resistance be only one-twentieth ^_ 
of this ; and let the shunt resistance be twenty times as great ^^k 
as this. In this case about 4 per cent, will be ^vasted in tho ^^k 
armature, and about 4 per cent, in the shunt, leaving a margin ^^k 
of a little over 90 per cent, for tlie economic coefficient. ^H 
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CHAPTER X. 

CHABACTERISTIC CURVES. 

* 

So many practical problems in the construction of dynamo- 
electric machines are in the present state of science solved by 
the use of graphic diagrams, and paiticularly by the use of 
certain curves technically called characteriatiea^ that the 
method of constructing and using them forms an important 
part of the theory of the dynamo. For many pittctical pur- 
poses no other method is half so useful. 

The characteristic curve stands indeed to the dynamo in a 
relation very similar to that in which the indicator diagmm 
stands to tlie steam engine. As the mechanical engineer, by 
looking at the indicator diagram of a steam engine, can at once 
foi-m an idea of the qualities of the engine, so the electrical 
engineer, by looking at the characteristic of the dynamo can 
judge of the qualities and performance of the dynamo. The 
comparison may even be said to reach farther than this. 

The steam-engine indicator diagram selves two purposes 
which, though not unconnected with one another, are yet 
distinct. When the scale on which the diagram is drawn is 
known, it gives direct information as to the horse-power at 
which the engine is working, depending on the total area 
enclosed by the curve, and quite irrespective of its form. 
But even though the actual scale be not known, the details of 
the form of the curve at its various points give very definite 
information to the engineer as to the working of the engine^ 
the perfection of the exhaust, the setting of the valves, the 
efficiency of the cut-oflF, and the adequacy of the supply pipes 
and port-holes of the valves. 

So also the characteristic curve of the dynamo may serve 
two functions. When the scale on which it is drawn is known 



it tells the horse-power at which the dynamo works ; nay, 
can indicate at what horae-power the dynamo may be worked 
to the greatest profit. But even though the actual scale be 
not known, the details of the form of the curve afford definite 
information as to the conditions of the working of the machine ; 
the degree of saturation of its magnets, the sufficiency of the 
field-magnets in proportion to the armatuie, and the goodness 
of the design in several respects. 
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Pig. 127.— Crab ACTEBi STIC Cubve of a Series Dtkamo. 

The first self-exciting dynamos put into commerce were 
series wound ; they were found to possess a most puzzling 
instability of behaviour, sometimes losing their current 
altogether, and refusing to excite themselves. This and 
other peculiarities were not underatood until the curves of 
their performance were studied. 
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It may be remarked that the electromotive-force E is the 
total electromotive -force generated in the machine, and must 
not be confounded with e the difference of potential between 
the terminals as mea3ured by a voltmeter, or other similar 
instrument. In many cases we now prefer to plot e instead 
of E ; but that was not Hopkinson's original method. He 
determined E by measuring C and multiplying it by the total 
resistance of the circuit; for by Ohm's law C R ^ E. It 
should also be remarked that the dynamo was a " series 
dynamo," shunt-wound machines not having at that dale 
come into vogue. 

Before enteiing into other points, it may be worth while 
to consider the meaning of the curve. It begins at a point a 
little above the origin. This shows that there was a small 
amount of residual magnetism remaining permanently in the 
field-magnets. The curve ascends at first at a steep angle, 
then curves round and eventually assumes a nearly sti'aight 
course, but at a gentler slope than before. As the speed is 
constant — it was maintained at 720 revolutions per minute in 
Hopkinson's experiments — the only variable of impoiiance ia 
the magnetism. As this rises and grows toward a maximum, 
60 does the induced electromotive-force. We might therefore 
expect, as Hopkinson points out, that this curve should 
exhibit peculiai-ities of form similar to those of the curve 
which represents the lelation between the magnetizing cur- 
rent and the magnetization of an electromagnet ; and a com- 
parison of Fig. 127, the " characteristic " of the series dynamo, 
with Fig. 86, the " magnetization curve " of an electromagnet, 
will suffice to reveal the analogy. It must, however, be 
pointed out that the magnetism is affected by the reaction of 
the armature. 

It is possible for a dynamo to be made to draw its own 
characteristic by mechanically moving the pencil relatively 
to the paper (as in steam indicators) by means of twoelectro- 
magnets, one of them being excited by the main current, the 
other being connected as a shuot to the terminals of the 
machine- 
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Characteristic Curves. 

angular hyperbolas. Forexaniple. the 1-horse-power line will 
pa^ lUrough all the points for which the product of volts and 
niiiperes is equal to 746. It will therefore pass through the 
point coiTesponding to 746 volts and 10 amperes j througli 
37-3 volts and 20 amperes; through 14-92 volts and 50 
amperes, &c., because the product in each of those cases is 
equal to 746 watt^ or 1 hoi«e-power. The 2-Uorse-power line 
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Fig. 138.— Characteristic wrrn Horse-power Lines. 
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will pass through points wliose product values are equal to 
746 X 2, and the other lines in the same way. Fig, 128 
shows the characteristic of the Siemens macliine, reproduced 
from Fig. 127 above, but with the horse-power line added. 

In tliis case the volts plotted are the total electromotive- 
force E, of the dynamo, and therefore the horee-power 
represents the gross electric output. If instead of E we had 
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plotted the values of €, the volts at the terminals, we should 
have had a slightly different curve, representing the nett 
output in the external circuit available for useful. purposes. 

If the vertical and horizontal scales are not chosen equal, 
the horse-power lines, though hyperbolse, are of course dis- 
torted. 

" External " Characieristies or Terminal Potential Curves. — 
The name external characteristic may be given for the sake of 
distinction to those curves which exhibit the relation between 
the potentials and the cuiTeuts of the external circuit. In the 
series dynamo it is a simple matter to derive one of these 
curves from the other, provided the internal resistance of the 
machine (armature and field magnets) is known. In the 
Siemens dynamo examined by Hopkinson in 1879, and of 
which Figs. 127 and 128 give the total characteristic, the total 
internal resistance was 0*6 ohm. The curve is reproduced for 
a third time in Fig. 129, where it is marked " E." Now to 
force a current of 10 amperes through a resistance of 0*6 of 
an ohm would require a difference of potential of 6 volts 
between its terminals. Looking at the curve, we see that the 
whole electromotive-force, corresponding to 10 amperes, was 
about 46*5 volts. Of this number, 6 were employed as 
mentioned, in overcoming the internal resistance, leaving 40-5 
volts as the available potential between terminals. Further, 
when the current was running at 50 amperes, there must have 
been no less than 30 volts lost in overcoming the internal 
resistance of 0-6 ohm : and as the value of E for this current 
is 90*5 volts, there remain 60-5 volts for e. There are now 
two ways open to us of representing these matters on our 
diagram. They are both shown in Fig. 129. The line J is 
drawn through the origin, and through the values of 6 volts 
for 10 amperes and 80 volts for 50 amperes. (The tangent of 
the slope of the line J is equal to 6 -f- 10 = 0-6. We shall 
see later that this slope represents the internal resistance.) 
Then if the heights of the ordinates from the base line up to 
the line E represent total volts induced, and if the heights of 
the ordinates from the base line up to the line J represent the 
''corresponding volts lost in overcoming internal resistance it 
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follows that the difference of potentials at the terminal* will be 
repreitnUd by the differences of the ordinatet between the line* 
J and E. Thia is the first way of representiug those differ- 
ences of potentials. The second way is to cut off from the 
tops of the ordinates poi-tioiis equal to those of the line J. 
This amounts to subtrauting the internal volts, which as shown 
in the algebraic theory are equal to C (t-^ + r^), from E, and 
so obtaining the values of e. These are plotted out in the 
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Flo, 199.— Total ano External CHAaACTEEisncs. 

curve marked " e " in the figure ; and as this curve represents 
the available electromotive-force in the external cireuit, it 
obtains the name of external cJiaracferistic or terminal poten- 
tial curve. As a matter of fact it is more usual to i-e verse 
iho operation. The terminal potential values ai*e easily 
observed with a volt-meter and the current with an ampere- 
meter. Then tlie external curve for e and C is plotted j and 
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by adding to Uie ordinatea the corresponding values of the 
lost volts, we 80 obtain the- curve for E and C. If there is 
permanent magnetism in the magnets, the characteristics will 
not start from the origin, but from a point a little above it. 
, CharacteritticB of Series Dynamo. — The Siemens djuamo 
of which the characteristic is given in Fig. 127 was a series 
dynamo. For the sake of comparison the characteristic is 
given in Fig. 130 of an 
"A" Gramme machine 
also Beries>wound. This 
machine had, when it 
measured by M. 
Marcel Deprez, 041 
ohm resistance in the 
armature coils and 061 
ohm in the coils of the 
field-magnets. Two 
characteristics are 
given ; one correspond- 
ing to a speed of 1440, 
the oO*,cf to a speed of 
950 revolutions per 
minute. The horse- 
power lines are shown 
in dot also. 

In the series dynamo 
the magnetization of the 
magnets increases with 
the current, and there 
fore, at first, the electro- 
motive-foi-ce increases 
also, giving the first 
straight portion of the 
curve. As the magnets a[>pi-oach saturation the curve 
turns, and, as tlie reactions due to tlie current in the armature 
now become of relatively great importance, flattens itself and 
ultimately turns down again ; the increased lead of the brushes 
^eatly adding to the effect. The fall in the charaeteristic is 
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always greater in the case of weak field-magnets. It also 
occui-3 most iu those machines in which the core of the arma- 
ture is more nearly saturated than are the cores of the fleld- 
niHgiiets; for as with large currents the armature cores get 
saturated, the magnetic leakage becomes relatively greater, 
■One more curve of a series-wound dynamo is given in 
Fig 131. This is a small Brush machine (intended to supply 
a single arc light) of the early pattern, willi solid iron ring, 
ill which, owing to the peculiar arrangement of the coils (see 
[1. 454), the reactions of the armature make themselves known 
l»y a very extmordiuary down-bending of the clinmcteristic. 
This is partly due to the 
aiTangements for cutting out 
ii pair of coils as they ap- 
.proach the neutral point. It 
will he noticed that the 
maximum horee-power of 
ihia aniaU m;ichine is 1| 
liorse ; and that this value is 
only obtained wlien tlie re- 
actiona have already set in. 
This diminution in the 
electromotive-force is in 
practice a real advantage. 
Should the machine be acci- 
dentally short-c i r c u i t e d 
while running, the reactions 

of the armature prevent the ^^' ^^--^^^^^^ CiiA^o. 
production of an injuriously large current, which might over- 
heat the coils. It is an advantage in machines for arc-light- 
ing, wiiere a nearly constant current is required, to employ 
machines with diooping characteristics, and to work them 
at tliis jMiit of the curve (see p. 466). 

Jtehtion of Characteristic to Speed. — The eleelromotive- 
force generated in a rotating coil or armature would be 
strictly proportional to the field, were it not for the reat'tions 
of the armature. Now in a series dj'uamo, the field dijpends 
on the current; and, if the cuiTent is kept constant (by 
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2o6 Dynamo- Electric Machinery. 

adjusting the resistances), the field will also be constant 
even though the speed be varied. If therefore the character- 
istic of a machine be known at any speed, its characteristic 
for an}' other speed can be found by the very simple process 
of increasing the ordinates of the curve in a similar propor- 
tion. Take, for example, the case of the Gramme dynamo, 
of which a characteristic at the speed of 250 revolutions is 
given in Fig. 130. The characteristic at 1440 could be cal- 
culated from it by increasing the ordinates in the proportion 

1440 
of QgQ ' Thus we see from the lower curve that when the 

current was 20 amperes the electromotive-force was 79 volts. 

Then 79 X 1440 4- 950 = 119-7 volts* The actual electro- 
motive-force observed at the speed 1440 and with current at 
20 amperes was 127 volts. There is a slight discrepancy 
here, and indeed always ; for dynamo machines behave in- 
variably as if a certain number of the revolutions did not 
count electrically. If the number of " dead turns " (see p. 
88) were here reckoned as 140, the number of volts calculated 
by theory would agree very exactly with that observed. 

Resistance in the Characteristic. — In the characteristic we 
have volts plotted vertically and amperes horizontally. Now 
by Ohm's law, volts divided by amperes give ohms. How 
can this be represented in the characteristic ? Suppose, for 
example, it is required to represent the resistance of the cir- 
cuit corresponding to some particular current. Let Fig. 132 
be the characteristic of the dynamo in question, and it is 
desired to know what is the resistance corresponding to the 
state of things at the point marked P. Draw the vertical 
ordinate P M, and join P to the origin O. The line P O has 
a certain slope, and the angle of its slope is P O M. Now 
P M is equal to the electromotive-force imder consideration, 
and O M is the current. Therefore, by Ohm's law, 

_ . electromotive-force P M 

Resistance = t = ttii? ; 

current O M ' 

but 

Qj^j = tanPOM, 
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therefore the resistance = tan P O M. Put into words, this 
is; — The reiUtance corresponding to any point on the character- 
istic is represented hy the tangent of the angle made hy joining 
the point to the origin. An easy way o£ reckoning these 
tangents is shown in Fig. 132. At the point on tlie horizontiil 
line corresponding to 10 amperes erect a vertical line. A line 
drawn from the origin at an angle wliose tangent is = 1 
(namely 45°) would cross this vertical line atapointoppoaite 
the 10-volt mark. This point may then be ealledl ohm, and 
equal distances measured off on this line will constitute it a 
scale of resistances. In Fig. 132 the resistance corresponding 
to point P of the characteris- 
tic is seen to he ahout 1-2 
ohm on the scale of resist- 
ance.*. Now P is placed at 
51'3 volts, and the current 
is 43-2 amperes. Dividing 
one by the other, we get 
1-18 ohm. Calculations are 
sometimes more eonvenientr 
ly made by graphic con- 
struction. 

If in the actual dynamo 
tlie resistance of the circuit 
were gradually increased, 
we should have the point P 
displaced along the curve 
backwards towaitls the origin, the volts and amperes both 
falling off, and the steepness of the line O P increasing. 
When O P arrived at a certain steepness it would practically 
form a tangent to that part of the "chai-acteristic which is 
nearly straight, and then any very small increase in the r 
sistance would cause the dynamo to lose its magnetism, from 
lack of current to magnetize the magnets. 

Resistance may he similarly represented on the character- 
istics of any dynamos; but if the characteristic is drawn for the 
ertemal current and tlie external difference of potential, then 
the resistance so represented will be the external resistance. 
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Relation of Characteristie to Winding of Armature and 
Field-magnets, — Suppose the armature of a machine to be re^ 
wound with a large number of turns of proportionally thinner 
wire. What will be the result at the same speed as before ? 
The resistance will be increased somewhat, and the electro- 
motive force also will be higher. Let Fig. 133 represent the 
characteristic of the machine as it was when there wei-e X 
turns of wire on the armature. How must it be drawn when 
the number is increased to X' ? Let P represent a point cor- 
responding to a certain strength of current. Taking the new 
armature, let the external resistance be varied until the cur- 
rent once more comes to the same value. The magnets are 

now magnetized exactly as strongly 
as before ; but there are X' turns of 
wire cutting the magnetic flux, in- 
stead of X. The electromotive- 
force will therefore also be greater in 
the like proportion. Di*aw therefore 
P' C so as to have the proportion 
P' C : P C : : X' : X. All other 
points on the new characteristic can 
be obtained by similarly enlarging 
the ordinate in the same i-atio. 

It will be evident from this that 
increasing the number of turns of 
wire in the armature has the same 
effect as increasing the speed of 
driving. This shows that slow speed 
dynamos (for use on ships, &c.) may be made to give the re- 
quisite electromotive force provided tlie number of turns of 
wire be relatively increased. This involves, however, a 
sacrifice of economy, because of the increase of resistance in 
the armature, or of prime cost if thicker wire is used. 

The effect of altering the number of turns of wire on the 
field-magnets can also be traced out on the characteristic 
diagram. Suppose the number of turns in the magnetizing 
coil be S, and that we re-design the machine, increasing the 
number to S' turns. What will the result be ? In this case 
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ne slijill get the same electromotive-foi-ce when driving atths I 
same speed as before, provided the magnets be equally I 
niagnetjzed. But if tbe current goes S' times around iostead [ 

of S we shall want a current only =-, as strong as before, to J 

produce the same magnetization. To get the new chainc- I 
teristic then (see Fig. 134,) draw P E horizontally. P E =■ i 
C O ^ tbe current corresjionding to electromotive-force E, 
Find P'soch that P' E : P E : : S : S' ; then the new charac- 
teristic will pass through P'. Similarly, all other points o£ 
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tbe new characteristic may he determined by reducing tbeir 
alscissee in a similar proportion. 

It must be noted thiit the.se two pi-oceases are not admis- 
sible for the characteristics of sbuiit-wouud machines. 

Critiaal Current of Series Dynamo. — From tlie fact that the 
fliiiracteristics for different speeds differ only in the relative 
si;ale of the ordinates, an important consequence may be' . 
tleduced. The first part of every characteristic for any speed 
id nearly straight up to a point where for that speed the 
electromotive-force is nearly two-thii'ds of its maximum 
value. When the current is such that tbe electromotive- 
force has attained to this valine, any very small change either 
14 
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in the speed of the engine or in the resistance of the circuit 
produces a great change in the electromotive-force, and there- 
fore in the current ; therefore since this critical case occurs 
always with the same current (see Fig. 135), this current — 
corresponding to the point on all the curves where the 
straight line begins to turn — may be called the " critic^ cur- 
rent " of the dynamo. This is the explanation of the puz- 
zling instability remarked on p. 197. The series dynamo only 
" builds *' its magnetism when the resistance is low enough, 
and when excited and running will " unbuild," or lose its 
magnetism, if the resistance of the circuit is increased too 
much. Each series dynamo has its own critical current, 
and it will not work with a less one ; for a less one will not 
adequately excite the field-magnets. Since with each speed 
the characteristic rises with a corresponding slope, there will 
be at each value of the speed one particular resistance at 
which the current will have the critical value; and the 
higher the speed the higher may be the resistance. There is 
no such thing as a critical resistance joer «e : for whether a 
resistance is critical or not depends upon the speed. Neither 
is there any such thing per se as a critical speed for a series 
dynamo ; for whether the speed is critical or not, depends on 
the resistance of the circuit. 

Characteristic of Shunt Dynamo. 

For the shunt dynamo there are two separate characteris- 
tics ; the external characteristic^ in which the quantities 
plotted are the amperes of current in the external circuit and 
the volts of potential between terminals; and the internal 
characteristic in which the volts and amperes of the sliunt 
circuit are plotted. The internal characteristic of the shunt 
dynamo is quite similar to the external characteristic of a 
series dynamo, and shows the saturation of the field-magnets. 
It is better to plot it with ampere-turns instead of amperes, 
because the magnetization depends on the number of turns in 
the coil as well as the amperes. 

The external characteristic of a small shunt dynamo 
(the same described by the late Sir William Siemens before 



the Royal Society in 1880, and by Mr. Alexander Siemens 
in the Joum. Soc. Teleg. Eng., March 1880) is given in Fig. 
136, and the borse-power lines are sliown dotted. The utmost 
power of this macbiiie at 630 revolutions was just under 2 
horse-power with a current of 30 amperes, and an electro- . 
motive-force of 47*5 volta. 
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FiQ, 136.— ElxTEHNAi. Characteristic of Shukt Dvnabo, 

The curve of the sliuut dj-namo is curiously different 
from that of the series dynamo. It begins, on open circuit, 
at a point (marked ^) where the volts are a maximum and 
mnasUghtly descending from the horizontal : then descends 
rapidly and retuma towards the origin in a nearly straight line. 
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The straight portion represents the unstable state when the 
shunt current is less than its true critical value. The critical 
external cuirent, if it can be so called, is in Fig. 136 about 
80 amperes. The slope of the line which constitutes the last 
portion of the characteristic represents . the resistance which 
for the particular speed may be termed the critical resistance, 
and in this case is about 1 ohm. Any less resistance will 
cause the magnets to lose their magnetism at once. Any 
greater resistance will at once run the electromotive-force up 
above the critical value — in this case about 30 or 31 volts. 
If the resistance of the external circuit becomes in the least 
degree altered, the electromotive-force and current will alter 
enormously. If the resistance be steadily increased (and the 




Fig. 137.— Characteristic op a Shunt Dynamo. 

slope of the line from O to the curve be increased in steep- 
ness) the volts will go on steadily augmenting, and become a 
maximum when the external resistance is infinite, that is to 
say when the circuit is completely opened and the shunt coils 
receive the whole of the electromotive-force of the" armature. 
Fig. 137 depicts the characteristic of a shunt-wound Gi-amme 
dynamo capable of giving 400 amperes. In this case the 
curve e represents the external characteristic, from which the 
curve E is calculated by adding to the ordinates portions 
equal to r^ Ca. As the conductors of the armature could not 
safely carry more than 400 amperes, the dotted portion of the 
curve represents results not actuallj'^ observed. It is instruc- 
tive to contrast the characteristic of the shunt dynamo with that 
of the series dynamo (Fig. 127). In the series dynamo, the 



first part of the characteristic is a sloping line, and the tangent 
of the angle of its slope is also the critical resistance for the 
given speed. But the series dynamo will only work if the 
resistance of the external circuit is leas than the critical value, 
and the shunt dynamo will only work if the external resist- 
ance is greater than the critical value. The contrast is even 
better shown by drawing a couple of curves in the two cases 
— not characteristics — showing the relation between the 
potential at terminals and the resistances of the external 
circuit. Fig. 138 shows tiiis for a series machine, and Fig. 
139 for a shunt machine. The electromotive-force of the 
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one drops suddeuly when the resistance exceeds 2 ohms ; 
that of the other rises suddenly when the resistance attiiins 
the value of 1 ohm. 

Ill tlie shunt dynamo the characteristic for a double speed 
cannot be obtained as in a seiies dynamo by doubling the 
heights of the ordinates. For even if at a double speed we 
adjust the external resistances so that the external current 
is the saiAe as before, we do not get a double electromotive- 
force because we do not get the same current as before round 
llie shunt-magnet circuit. And if, on the other hand, we 
adjust resistances so that we get the same shunt current as 
before, and therefore a double electromotive-force, we do not 
get the same external current asliefore. If, liowever, we alter 
the external resistance, taking a lai^er current externally, 
so as to reduce the shunt cuiTent to its former value, the 
magnetization will remain as before. In that case the double 
speed will produce very nearly a double electromotive-force, 
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but the shunt potential may remain as before, the external 
current being nearly doubled. This is shown in Fig. 140, 
where e a represents the external current in the first case, and 
e A the external current in the second. O A remains a 

straight line, but at this higher speed 
the slope is less. From this latter 
circumstance it may be foreseen that 
at higher speeds the resistance may 
be reduced to a lower value before 
the critical state is reached at which 
the machine " unbuilds " itself, t. e. 
discharges the magnetism from its 
field-magnets. 

Curve of Total Current in Arm- 

ature. — In the shunt dynamo the 

current in the armature is equal to 

the sum of the currents in the external circuit and in the 

shunt circuit ; or 

c„ = c + C^ 

A curve showing the relation between C and e is easily 
©btained. In Fig. 141 let the curve O m f be the " external 
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Fig. 141. 




characteristic " at the given speed. Take any point on it 
^ch as m ; at that point the potential between terminals is 
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ine^ured by the length of i m or O e, and the current in 
ampei-eB is measured by the length O x ov e m. Now draw 
the line « O at such an angle »0 x tlmtits tangent is equal to 
the resistance of the shunt. Then e e i-epresents the current 
that will ran through the shunt when the potential iaO e volts. 
Add on to the end of e wi a piece, jn n equal to e » ; then the 
whole line e n represents the armature current C„ when the 
potential has the value O e. A set of similar points may be 
found giving the new curve O n i„ required. 

Total Characterintic of Shunt Dynamo.— \i the total electro- 
motive-force E and the total current C^ be plotted out, we 
shall obtain the characteristic of the total electrical activity 
of the dynamo. 

Draw, as in the preceding case, 
the curve for e and C„, Let p be 
any point on the curve where the 
potential is ^ :c or O c and tlie 
current e p or O x. Then draw a 
line O J at such an angle a O x 
that its tangent is equal to the 
resistance of the armature. Call 
the point where this cuts ft x, a. 
Then a x represents the nunitwr of 
volts required to drive the current 
O X through the aimature resists 
ADce. Add a piece q p equal to a a: to the summit of the line 
j> X. Then the height y x represeiita the total electromotive- 
force E when the cuiTcnt C„ has the value represented by O x. 

Characteriitia of Shunt Dynamo, with Permanent May- 
netism. — 1£ there is residual magnetism in tlie field-magnets, 
there will be an electromotive- force induced, even befoi*e ttie 
shunt circuit is closed. In this case the characteiistic would 
begin at a point p, a short distance along the horizontal axis. 
In fact the machine behaves as though there were already at 
work some small electiomoti ve-force Cnot to be jilotted), which 
had the effect of setting up already a current through the 
machine, so that the machine excites itself up with currents 
that are, in the early (and unstable) stages of the magnetiza- 
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tion, proportional to the ampere-turns going round the shunt 
circuit, 'plu9 some imt^inary arapere-turns causing the pei^ 
manent magnetism. If there is on the field-magnet a second 
coil, by wliich an independent magnetization can be introduced, 
the same kin'd of result will follow : tlie characteristic will 
begin at some point, such as V, the electromotive-force due 
to the ampere-turns in the shunt being plotted out above 
O, whilst the length O 3 below represents the part of the 
electromotive-force due to the ampere-turns (real orim^inary) 
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of the independent magnetism ; and O V represents the 
current which the machine will give when short circuited. 

Tliere will, in fact, be four curves for a shunt dynamo, 
namely, those in whicli the quantity plotted out are respec- 
tively e and C, e and Cn, E and C, E and Ca- Of tliese, tlie 
first is the external ckaracteriitic, and the fourth the total 
characteristic. 

These four are depicted in Fig. 144, where they are named 
A, B, C and D respectively. If D isgiven, Acan be obtained 
in the following waj' : — Let the lines O J and O Z represent 
respectively by their slope the resistance of the armature and 
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of the shunt circuit. The curve B is got from Dbydt-ilucting 
from the ordinntes lengths equal to the portions of ordinates 
intercepted by the line O J ; and curve is got from curve D 
by deducting from the abscissie lengths equal to the portion 
of the abscissa; intercepted by the line O Z. Then curve A 
is got by tJiking ordinates from B aud abscisaiB from C corre- 
sponding to any point on D. 

It maybe noticed that whilst D B represents the lost volts 
due to internal resistance of armature, C D represents the 
lost amperes which go round the field-magnets. The lower 
the resistance of the armature, and the higher the resistttnce of 
the shunt, the less will these losses be. In fact, with a well- 
built modem machine the four curves lie very close together. 



If the curve of magnetization of the machine is known it is 
easy to determine the characteristic by a geometrical conBtructlon, 
The curve of magnetization 0PM (Fig. 145) will show the relation 
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between W and the ampere-tnrna in the shunt coil, S, C, in our 
notation. 

Let this curve be set out to the left of the vertical axis, then the 
line O R may be divided out either in a Bcale representing ani- 
pere-tums or in a scale representing amperes, S, divisions of the 
former scale corresponding to one of the latter scale. The vertical 
scale plotted out along O E may in like manner represent either 
N or E; n C X 10"' being the ratio of the readings of the scales. 
Now set out the line O M, making with O K an angle such that 
the tangent of its slope corresponds, in the units chosen, to the 



2l8 



Dynamo- Electric Machinery, 



resistance of the shunt- winding; for example, if the shunt-resist- 
ance be 16, the line will pass through a point the ordinate of 
which represents 16 volts and the abscissa 1 ampere. Let this 
line meet the curve of magnetization at M. If we consider any 
point P on the curve, its ordinate P R will represent, according 
as we please, either the effective magnetism when the magnet- 
izing current is O R, or the whole nmnber of volts E induced in 
the armature; and the part of the ordinate Q R will represent 
the difference of potential e. Clearly then P Q will represent 
E - c, that is to say, the volts lost in the armature, which are 
equal to r^ Ca. Now, if on the right of the diagram we lay out 
a line O J at such an angle that the tangent of its slope repre- 
sents the armature resistance r^, then if V be taken so far along 
the horizontal axis that V U = P Q, the length O V will represent 
Co. The most convenient construction is to project points P and 
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Q across to E and c, and from e draw e T, parallel to O U, meeting 
E T in T; then drop a perpendicular from T giving the points f, 
U and V, where T f = U V. T will be a point on the curve con- 
necting E and Ca ; ^ a point on the curve connecting e and Ca. 
From the latter curve the external characteristic can be got as 
shown on p. 215. Of these hyperbolic curves the lower limb 
which returns towards O represents the unstable portion corre- 
sponding to the lower part of the magnetic curve. From the ex- 
istence in the curves of a maximum value of Ca. where the curve 
turns round on the extreme right, it must not be inferred that the 
machine can yield this maximum current ; on the contrary, the 
maximum current that the machine can safely give depends on 
the section of its armature wires, and these are — in the best 
machines — not intended to carry the current under such con- 
ditions. The working part of the curve is usually the top part 
(Fig. 145), and it will be obvious from the construction that the 
smaller the internal resistance, the further will the curve extend to 
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the right and the more nearly horizontal will the tops of both 
curves be; a good shuiit-dynamo, with very little intenial resist- 
ance, being nearl[/ self- regulating for constant potential. 

If there be no initial or residuEil magnetizntion, the curves will 
both pass through O; hut neither of them will do so if there is 
initial or residual magnetization. In that case the curve of mag- 
netization will commence above at some point such as K, Fig. 
146. and the lower ends of the two curves for E and e will end at 
pointssofartotherigiitthatthe widthU V = K O. Withalmoat 
every shunt dynamo it is found that if descending values of e are 
taken (at any given speed) e becomes zero, whilst C has still a 
definite value. 

It will also be noticed that the limiting value of e depends on the 
slope of M O, that is to say, on the resistance per turn of the 
shunt coil: auy diminution of the resistance per turn vrill raise E 
by forcing up to a higher degree the magnetization corresponding 
to a given value of e. 



Contrast of Series Dynamo with Shunt Dynamo. — The dif- 
ference between series dynamos and shunt dynamos in their 
behavior when the resistance of the current is increased or 
decreased, has already been touched upon in p. 213. In 
electric lighting, dynamos are usually required either (a) to 
sopply glow-laTDps arranged in parallel, in wlucli case the 
dynamos must maintain a constant potential at the maius, or 
else (6) to supply arc-lamps arranged in series, in which case 
the dynamo is required to yield a constant current. In the 
case where the potential is to be constant, the current will 
vary with the number of lamps in parallel ; in the second 
case, where the current is to be constant, the electromotive- 
force must vary as the number of lamps in series. 

To understand the applicability of series or shuntdynamos 
to either of these tasks, it will be convenient to construct 
(either from experiment or from theory) comparative curves. 
In the case of parallel distribution, every additional lamp 
switched on across the mains adds to the conductance of the 
circuit an amount equal to Us own conductance (j.e. equal to 
the reciprocal of itaown resistance). Itis therefore expedient 

to plot out together the values of e and of jj- Tliis has been 
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done in Fig. 147 for two dynamos, for each of which the 
maximum value of e was the same. It will be seen that for 
neither a series nor for a shunt machine does the value of e 
remain constant as the number of lamps across the mains is 
increased. The shunt machine gives the more nearly constant 
potential, but falls off as the number of lamps is increased. 

In the case of single-cirquit distribution to lamps in series, 
every additional lamp adds to the resistance of the circuit, and 
in this case it is expedient to plot out together the values of C 
and R. Fig. 148 shows the result for the two kinds of 
machine. It will be seen that neither machine gives anything 
like a constant current ; but for the shunt machine there is 





Fio. 147. 



Fig. 148. 



just one brief stage, namely, when its current is at the max- 
imum, where the value is mbre constant than anything that the 
series dynamo can give. The dotted part of the curve cor- 
responds to the case of a series dynamo so designed as to have 
a drooping characteristic (like Fig. 131, p. 205), which gives 
more nearly (with moderately small resistances) a constant 
current. But it is abundantly clear that something more 
than a simple series or simple shunt machine is requisite to 
give a real self-regulating machine for either purpose. 

Further use of characteristics. — The following examples 
of the further use of characteristics are taken from Dr. Hop- 
kinson's paper in the Proc, Inst. Mech. Engineers for April 
1880. 
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Sdalion of Characleristic to Size o/JKoeAtne.— Suppose that a certain 
dynamo of a given cotiHtruction has for jta characteristic tho curve O a 
(Hfr IIS)- What will be the characteristic of a dynamo built of pre- 
f the name type, but with all its linear diniensioua doubled ? The 
will be tour times a« great, the volume and weight eight times 
, Tliere will be the same number of turns of wire, but the length 
irill be doubled and the cross-section quadrupled, and therefore the 
internal resistances will be halved. If the resistances were adjusted so 
as to give the same current as before, the new machine would have only 
h&lf the intensity of field of the small one. But if ad.juflted to give the 
same intensity of field as before, the current will be doubled. 

Now the magnetic flux will be increased fourfold, and therefore the 
electromotive-force will be four times as great. But we only wanted 
the current doubled. Tliat is to say, the resistance will liave to be 
doubled if the field is to be of the same intensity. To represent this state 
of things, take the point a on 
the characteristic of the small 
machine, and draw the ordinate 
a m. Draw O M, double O m, 
and at M erect an ordinate A M 
four times the length of a in. 
The resistance — the slope of 
OA — is double that of On. 
The new cliaract*riBtie will pass 
tlirough A. The points (i luid 
A are similar points with respect 
to the saturation of tlie iron of 
the magnets: and it is tliis which 
determines the practical limits 
to the economic working of a 
dynamo of given type at a given 
speed. Hence we see. with 
quadrupled electromotive-force 
and double current, the output 
will be eight times as great as with llio smaller machine when worked 
up to an equal saturation limit. These points may be compared with 
the discussion of the relation of size to efficiency on p. 108. 

AppUcation of Charaelcristics lo Ztyriamos used in Chargitig dccumu- 
Uttors. — The following problem is of great practical importance : — 
Suppoae a dynamo is used for charging nn accvmiilator, ojid is driven 
at n given gpeed, what current irillpa»K through it f 

Dr. Hopkinson has given a solution of this problem for the case of a 
series dyi^amo. Draw the total characteristic of the dynamo (Fig, 150) 
for the given speed. Along O Y set off O E to represent the electro- 
motive-force of tlie accumulator, and through E draw the line C E A, 
making an angle with OX such that its tangent represents the resistance 
of the whole circuit, including the accumulators. This line will cut the 
characteristic in the points B and A ; and, if Ahe characteristic be 
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repeated backwards, in C also. This negative branch'of the character- 
istic is simply the characteristic of the dynamo when the current through 
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it is reversed, and its electromotive-force therefore also inverted. Then 
O L represents the actual current in the circuit ; O M represents an un- 
stable current which might exist for a moment ; and O N represents the 

current which would tra- 
verse the circuit were the 
accumulators to overpower 
the dynamo and reverse it, 
as indeed frequently happens 
when series dynamos are so 
used. For it will be observed 
that if, as is the case when 
accumulators are reaching 
their full charge, their elec- 
tromotive-force were to rise, 
or the resistance of the cir- 
cuit to increase, the inevi- 
table result would be to 
diminish the current O L, so 
that the magnetism of the 
field-magnets will also drop, 
thus diminishing the effec- 
tive electromotive-force of 
the dynamo : and conse- 
quently the point A will be 
brought nearer to the position of instability at the bow of the curve. 
With the shunt dynamo the case is different. Let Fig. 151 represent 
the characteristic of the shunt dynamo, the external current being 
plotted along O X, an4 the total electromotive-force along O Y. Draw 
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the line C E A as before. Then it cuts the positive branch at A, and 
O L is the current in the main circuit. If, now, either the counter 
electromotive-force of the accumulatois or the resistance of the circuit 
increases, the effect will be to move the point A to a higher point on the 
curve. The charging currrent O L may diminish, but the shunt current 
will increase or the effective electromotive-force A L will be increased. 
Therefore with the shunt dynamo there will be no likelihood of the 
accumulators overpowering and reversing the dynamo. 

In the case of a series dynamo driving an arc-lamp, Fig. 150 also may 
be applied to explain the instability sometimes observed. The arc acts 
as though it had a counter electromotive-force, which, for steady arcs is 
not less than 85 volts. Hence if O E is set off to this value, the resistance 
of the rest of the circuit must be low enough for the sloping line E A to 
cut the curve above the *'knee," otherwise the condition becomes 
unstable. 
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CHAPTER XI. 

CONSTANT POTENTIAL DYNAMOS. 

Conditions of Supply. — For some purposes — as for feeding 
a system of incandescent lamps in parallel — the current must 
be supplied from the mains at an absolutely constant potential 
or pressure ; that is to say, the difference of potentials between 
the mains must be constant. This, of course, implies that the 
current delivered by the machine shall vary exactly in a ratio 
inverse to that of the resistance of the external circuit ; 
increasing, as the resistance is diminished by adding to the 
number of lamps across the mains of the circuit. But we 
have seen that, owing to two causes — (1) internal resistance, 
(2) demagnetizing reactions of aimature — ^the volts at the 
terminals at full load fall short of the value they would have 
(at the same speed and magnetization) at zero load. The lost 
volts increase with the load. Hence, means must be taken to 
compensate for the lost volts if the supply is to be maintained 
at a constant pressure. If a dynamo is to supply lamps at, 
say 100 volts, the pressure must not be allowed to fall to 97 
or 96 volts when all the lamps are at work. 

For some other purposes, as for supplying a set of lamps 
connected in a simple series, placed on one line, it is necessaiy 
to maintain in the line an absolutely constant current^ no 
matter how many or how few lamps or motors may be at 
work. This, of coui-se, means that when the resistance of 
the main circuit is increased by the switching-in of more 
lamps, the dynamo must put forth a proportionate increase of 
electromotive-force. 

The two ends to be attained by regulation are therefore not 
only distinct, but incompatible with one another ; a dynamo 
cannot possibly keep its electromotive-force constant, and at 
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the same time vary it in proportion to tlie varying resistance 
of the external cireuit. The two systems are adapted to 
entirely different cases of electric distribution. Their theory 
is different ; and the practical modes for carrying tliem out 
are different also. 

Constant-current machines, as required for arc-lighting, 
and for glow-laiups in series, are described in Chapter XVIII. 
The present chapter will deal only with machines for supply 
at constant pressure. 

There are various ways of governing dynamos so as to 
maintain either a constant potential or a constant current. 
Some of these methods involve hand regulation ; otliei-s auto- 
matic switching in or out of resistances, to vary the excitation 
of the field-magnets ; others, automatic adjustment of the 
brashes ; and others, electrical governing of the speed. The 
chapter on Regulators deals with these. Let it be noted in 
the first place that the voltage of a given dynamo depends, 
as shown by the fundamental equation (p. 170), on three 
things — the speed, the number of armature-windings, and the 
magnetic flux: hence it follows that any one of these might 
be used to control the output of the machine. The speed 
can be changed by purely mechanical contrivances. The 
number of effective armature conductors can be changed by 
shifting the brushes forward beyond the neutral point. The 
magnetic flux can be varied by altering the magnetizing 
current that excites the magnetism, or by changing tlie 
disposition of the magnetic circuit. 

In cases of isolated plant it may be convenient to apply 
s. governor to so vary the speed in accordance with the 
demands on the circuit as to maintain a constant electric 
pressure ; but this is not satisfactory when the engine has 
other work than driving a single dynamo. Those methods 
have been preferred which admit of the maintenance of a 
constant speed of driving. Throughout this chapter this 
condition will be assumed to hold good ; and as a purely 
magnetic method of regulation is hut little used we need only 
. deal here witli the methods that depend on varying the 
excitation of the magnets. 
16 
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Hand Regulator. — In Edison's method of supplying 
mains at a constant potential a shunt dynamo is employed, 
a variable resistance, or rheostat, R, being introduced into 
the shunt-circuit (Fig. 152). A lever moved by hand, when- 
ever the potential rises or falls below its proper value, makes 
contact on a number of studs connected with a set of resist- 
ances, and thus controls the degree of excitation of the field- 
magnets. To make the arrangement automatic the variable 
resistance should be adjusted by an electromagnet the coils of 
which are an independent shunt across the mains. The shunt 
dynamo, if well constructed, is, as shown on p. 212, nearly 




Fio. 152.— Edison's Method of Regxtlatino. 

constant in its voltage ; the pressure at the terminals falls off 
very little at full load. With such a dynamo, but a small 
increase of exciting power is needed to make up for the lost 
volts at full load. The regulating rheostat is equally appli- 
cable to a separately-excited machine. 

Self-regulating Machines. — The theory of self-regulation 
is extremely simple. Volts depend on the flux ; hence, any 
drop in the volts can be compensated by increasing the flux. 
The problem then is how to make the main current, which as 
it increases causes the volts to drop automatically, increase 
the flux. It is clear that a compensating main-circuit coil of 
sufficient turns to produce the needed additional excitation^ 



must be wound upon the field-magnet. The compensating 
coil must obviously be thick enough to carry the main current, 
and usually consists of few turns. If the machine is shunt- 
wound to begin with, and a compensating coil in series with 
the armature is thus added, the combination is usually termed 
a "compound" winding. The terra "compound dynamo" 
was introtluced by Messrs. Crompton and Kapp to signify a 
dynamo with mixed series and sliunt-windiug, by analogy 
with the engineers' tenn "compound engine" for a steam- 
engine working with both high- and low-pressure cylinders. 
A compensating series-coil is, however, equally applicable to 
any well-designed dynamo in which the initial magnetism 
is independently excited. The following combinations are 
possible : — 

(i.) Series regulating coils + permanent magnets to excite the 
field initially with an independent constant magne- 
tization. 

iii.) Series regulating coils -(- an independent current circu- 
lating in separate coils round the iield-magnete, to 
produce an independent constant magnetization. 

(III.) Series regulating coils -I- an independent current circu- 
lating in the main circuit (and generated either by 
a battery or by an independent magneto-dynamo) 
having the effect of partly exciting the fteld-raagneta 
with an independent constant magnetization. 

<ttf.) Series regulating coils -I- shunt -magnet coils supplied by a 
portion of the current of the machine itself, thereby 
partly exciting the field-magnets, with an independ- 
ent and nearly constant magnetization, 

(0.) Alternate-current dynamos may be compounded by pro- 
viding them with regulating coils supplied with a 
current derived (by a suitable transformer) from the 
main-circuit current, and proportional to it; the 
derived currents being first sent through a rectifying 
commutator. The independent magnetization may 
be derived either from an auxiliary exciter, or from 
a separate coil or group of coils in the armature, or, 
in fact, by another transformer, the primary of which 
is placed across the mains as a shunt; in either of 
theiattercasesthecurrent being properly commuted. 
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Theoretically, several other self-regulating combinations are 
possible; for example, a machine with a long armature lying be- 
tween two separate field-magnets, one independently excited, the 
other in series; a series machine with unsaturated magnets com- 
bined with a (quasi-independent) series machine with over-Batu- 
rated magnets on the same shaft ; a series machine having two 
sets of field-magnet poles at different leads, one of the sets of poles 
being the series-excited set, the other excited independently, or 
in shunt circuit, &c. 



Theoby of Self-Regulation. 

In considering the theory of self-regulation we shall pro- 
ceed as follows : — First find an expression for the pressure 
at the mains. This will, in general, consist of three terms. 
Secondly, we shall consider these three terms as to whether 
their factors are constants or variables. Then, having ascer- 
tained which of the terms contain variable factors, we must 
consider what conditions must be laid down (such as prescrib- 
ing a particular speed or a particular number of windings) in 
order that the terms containing variable factors shall disappear. 
These conditions will be embodied in an "equation of con- 
dition," which will be then discussed. In general it will be 
found that if the speed is prescribed beforehand, there will 
be a certain " critical " number of regulating coils to be 
deduced ; or, on the other hand, if the number of regulating 
coils is prescribed beforehand, there will be a particular or 
" critical " speed at which self-regulation holds good. 

It is possible to treat the theory either algebraically or 
geometrically. Both methods will be here used. 

Ca%e (i.) Series Regulating Coils + Permanent Magnets 
(compare p. 55). — If the field-magnets are partly permanently 
magnetized, or if there are permanent steel magnets, in 
addition to the electromagnets, giving an initial field, we 
may denominate the initial flux as ^j. 

Now the fundamental equation of the series dynamo is 

E = wZ N» 



and the difference of potential or pressure at the terminals is 
found by deducting the lost volts ; or 

e = E - (r. + r„) C. 

But Ni the number of magnetic lines that pass through 
the armature at any instant, is made up of two parts, the 
pei-maiient independent part N i» '^^'^ ^ P^t depending upon 
the cui-rent C, and equal to 

4 TT S„ C -H 10 



where S« is the number of turns in the compensating coil, 
/ the length of the magnetic circuit, A its cross section, and 
/I the atteraife value of the permeabihty (see p. 120) between 
the two extreme \'alue8 that it has when C is zero and when 
C is at ita maximum. If for brevity we write 



'wh; 
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we may then write the variable part of [^ as ^ S» C ; and 
therefore, 

N = N,+?S. C; 

and we- get, as the complete expression for e, 

e = n Z (N , + 9 S„ C) - (r„ + r«) C. 
or 

e = n Z Ml + » Z 9 S, C - (r. + r„) C. 

The expression on the riglit^Iiand side of this equation 
consists of three terms, of \vliich tlie first contains the speed 
and two constants as factors. Tlie last two contain a variable, 
the current, and one of them also contains as factors the speed 
n and the number of regulating coils S„. If S„ is prescribed 
beforehand, then the particular speed at which the dynamo 
is self-regulating will be clearly tliat speed at wliich the ex- 
pression for e will contain nothing but constants. If n is pre- 
scribed beforehand, then we must vary S^ so as to eliminata 
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the terms that contain the variable factor. Since the two 
last terms are of opposite sign, it is clear that by varying S,. 
or n, or both, the value of n Z j S^ may be made numerically 
equal to ra + r^. Then at the constant speed, which we will 
call n^, the last two terms will cancel one another out, or, 

n^ Z J S,„ C - (r„ -f r^) C = 0. 

That is to say, S^ and n^ must be such that 

ni Z J S,„ = ra H- r^ [XIIL] 

This is the equation of condition. 

If the condition laid down in this equation is observed, 
then tne last two terms for e disappear, and we have simply, 

e =3 n^ Z Wy = a constant. 

Having thus proved that, at the given speed, e is a constant, 
it is worth while to inquire what it is that determines the 
value of e. Clearly e is directly proportional to N 11 the initial 
flux. Therefore, wq can arrange that the dynamo, still driven 
at the given speed, shall give any pressure we please, within 
limits, provided we alter N 1 ^^ ^^® requisite propoiiion. 

Suppose that the speed is prescribed by mechanical con- 
siderations, then the proper or critical number of regulating 
coils is given by the expression 

This is instructive. The higher the internal resistance of a 
dynamo the greater must be the number of the regulating 
coils in series, if it is to be self-regulating. 

Returning to the equation of condition, we will write it 
in the second form — 

ni Z y S^ = r„ -i- r, 



ll»9 



which for a given number of series coils gives us as the value 
of the critical i^eed. 
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and thifi speed will be higher the greater the internal resistr 
atices are. 

Lastly, we may write the last equation in the following 
way, 

, . , ^ total internal resistance 

critical speed = ^irbeT-rf-tiSi^fsSiei^fk ^ aquaoMj 
depending only on the armature windings and on the mag- 
netic circuit and its working permeability within the range 
for which regulation is required. 

So far we have assumed that the only cause of drop of 
pressure that needed to be compensated for was that due to 
internal resistances. But the drop of pressure due to the 
demagnetizing action of the armature is in modern machines 
a consideration of even more importance. To take account 
of this action we must remember that if the angle of lead i. is 
known, tlie demagnetizing belt of conductoi-s (see p. 85) will 

be that comprised within an angle of 2 ^ namely Z rogo' 

And each such conductor carries \ C amperes, making the 
demagnetizing ampere-turns 7. k C ~r 360°. Or, if the 
number of armature conductors witliin the angle A is called 
D, the demagnetizing ampere-turns will be2DxJC^DC. 
As, however, these turns are situated over tlie armature, 
whilst the compensating coils are wound on the field-magnet, 
their number will need to be greater in proportion approxi- 
mately to the leakage coefficient v (see pp. 148 and 346). 
Hence we shall have to increase Sb,, the series coils, from the 
value found above to the value 



,-i,r 



[XV.] 



Caae (it.) Series I>ifnamo + Separately-excited Coils {see " Series 
and Separate," Fig. 4-1, p. 6S). — In this case there is an initial 
magnetism due to a separate exciting current. 

If we call the number of magnetic lines due to the independent 
excitation Ni, the same argument holds good as in the preceding 
case, and the same conclusions. Ni will not. however, be really 
a constant, for the effect of the introduction of a constant amount 
of magnetizing force will vary with the degree of saturation 
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resulting from the whole magnetizing force. If, however, the 
average working permeability throughout the range of regulation 
is taken into account in the calculation of N i as well as in that 
of S, then any falling-off in the effect of the independent exciting 
current is implicitly provided for. 

Geometrical Demonstration of Cases (t.) and (ii.). — On p. 186 it 
was shown how the values of the potential at terminals fall off in 
ma^eto and separately-excited dynamos as the current increases, 
e always being less than E by an amount equal to ra C. 

To represent the facts, let O X and O P be taken as the axes 
for plotting out amperes and volts, and let O P (Fig. 153) represent 
the electromotive-force (E = ni Z Ni) due to the permanent or 
independent magnetism, as measured when no current is running 
through the armature. Now, assuming that the armature reac- 
tions are small enough to be neglected, E will at constant speed 

remain the same 
*r- "* with all currents, but 
[•iilgSS e will drop. From O 
set off the line *0 J at 
an angle sudh that its 
tangent represents 
the internal resist- 
ance of the machine. 
Now consider the 
^^^^ case when the cur- 
rent C has the par- 
ticular value corre- 
sponding to the length O V. The height U V will be the drop in the 
external volts; for U V = tan U O VXO V = r„C. Cut off from t 
V a portion, t Q = U V, and Q V will represent e. While the 
curve for E and C is approximately a horizontal line, the curve 
for e and C (the external characteristic) falls, as shown by the 
dotted line. Any point on the e curve can be got from the E 
curve by simply deducting from the height a piece equal to the 
corresponding width across the triangle J O X. Now it must be 
obvious that if when the E curve is horizontal the e curve slopes 
downward, we must use an E curve that slopes upward by a pre- 
cisely equal amount, if we want to get a horizontal e curve ; that 
is to say, if we want to get constant potential. How are we to get 
an upward sloping E curve ? Remember that at a given speed, rii, 
the value of E is ni Z N i , where N i means that the magnetic 
circuit has somehow (either permanently or by a separate cur- 
rent) been excited up to such a degree that N i lines go through 
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the armature. The aame plotting that serves for volts will serve 
for values of N by choosing the appropriate Bcale; or, O P may 
repreeent Ni- Therefore P is a point on a curve of magnetiza- 
tion, which will rise still higher if only we put on more ampere- 
turns of excitation. Therefore all that is required to be done is 
to put on the magnets a coil in series, having Euch a number of 
tunis S„ that the ampere-turna S« C will have the effect of raising 
the magnetism in the right proportion ; in fact, so that T ( shall be 
e<|ual to U V. We have now got an E curve which slopes up — 
not quite a straight line, to be sure, but such that when we sub- 
tract the volts required to drive the current through the armature 
resistance, we get an e curve that ie approximately level. 

Comparing the algebraic and geometric methods, we see that 
( V corresponds to n, Z N,; T ( to h, Zg S« C; and U V tor„ C, 
or if the resistance of the added series coil is included in the slope 
of the line O J, U V will correspond to (r„ 4- r„) C. 

Case (Hi). Series Dynamo + Independent Electromotive-force 
throim into the Main Circuit. — This really comprises two cases; 
where the independent constant electromotive- force is due to a 
battery, and where it is due to a separate magneto machine 
driven at a constant speed 
("Series and Magneto," see 
p, 35). The argument is 
the same, however, for both 
casee. Fig. 154 will repre- 
sent either case. 

The solution is identical 
with the preceding cases, 
except that there are now 
three resistances internal to 
the arrangement to he com- 
penBated. 




Case (it>,) Seri'-a Jteifulatinir Coils + Shunt Exnfing 
Coila : " Compomid Winding." — The compound-wound dyna- 
mo may be regarded as either a series dynamo to which some 
shunt windings Iinve been added, so as to provide an initial 
magnetization, or as a shunt dynamo to which some series 
windings have been added to compensate for the drop of 
potential at the terminals. There are two possible methods 
of connecting the ahunt coils to the dynamo, and the prnpnr- 
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lions differ slightly in the two cases. In the ^^ shoiirshunt '^ 
method (see p. 56) the shunt coils are joined as a shunt to 
the armature part of the dynamo only, being connected across 
from brush to bnish- In the "long-shunt" method the shunt 
coils are connected across thet terminals of the machine, and 
may, therefore, be regarded either as a shunt to the external 
circuit, or as a shunt to the armature and series coils together. 
In the former an*angement the current through the shunt is 
not constant, because though e may remain fairly constant, 
the potential at the brushes does not, but increases when the 
external circuit's resistance decreases. In the latter arrange- 
ment the current through the shunt is constant if 6 is constant, 
and the case becomes one analogous to those already discussed, 




Fio. 155. 




of an independent constant excitation. The connections of 
the short-shunt method are indicated in Fig. 155. In a well- 
designed dynamo it makes very little difference whether the 
shunt is connected across the brushes or across the terminals 
of the main circuit. The connections of the long-shunt ar- 
rangement are as shown in Fig. 156. The calculations for 
the two cases are practically identical, and involve the same 
kind of arguments. That for long-shu!nt is a little more 
simple, and is accordingly given. 
We have then 



E = n Z ISI; . . . 

c = E - (ra + r«) Co 



(1) 

(2) 



C'onstatU Potential Dynamos. 

and as tlie magaetism depends on the total number o£ 
ampere-turna of excitation, we shall wiite, 

N = 1 (S.C. + S„C„) ; (3) 

where <{ has the same signification as before (p. 229), namely 






or more strictly is the variable number representing, at the 
various stages of magnetization, the numerical i-atio between 
flux and excitation for the magnetic circuit of the pai'tieular 
dynamo. For the present purpose it is also necessary to 
consider the vahie which q has when the external current is 
zero, and when the only excitation' in that due to the shunt: 
this may be called q^. Then the initial Bux on open eircnit 
will be : — 

N. - ?. S.C. 

Then from the three equations we have 

e=^nZqS.G,+nZqS^C^~{r„ + r„)C^. 

Now here we have three terms, the first containing, as 
factors, the speed (which may be kept constant), and the 
shunt current C, which will be made constant if e can be made 
constant; the second contains the speed also as a factor ; the 
second and third both i-ontain the variable cuiTent Cn- The 
two variable terms are of opposite sign. Now e cannot 
possibly be a constant, when two of its terms contain a variable 
as factor, unless the coefficients of that variable factor are 
such that they make those two terms cancel one another ; 
e cannot be constant unless either the speed n or the windings 
S„, or both, are so adjusted as to fulfil tbia. But these can be 
varied so that it is possible for the two coefficients to be 
equal, viz. — 

n Z y S« ^ r„ + r„. 

This is then one of the two equations of condition ; and the 
critical number of series-turns at the given speed will be 




236 Dynamo-Electric Machuury. 

Or, if S,„ is prescribed, the critical speed will be 

n = !iL±ijiL. Jl. 

If this condition be observed, then e will be constant and 
have the value 

« = n Z y S, C,. 

But this would leave e indeterminate, since C, = « -i- r,. But 
we may reflect that though this equation might not give us 
the value of e, there will nevertheless be a determinate value 
for it, namely, the same value that e would have when there 
is no current taken from the dynamo at all, but when it is 
running on open circuit only. Under these conditions the 
value of e will be 

or, since here q has the value y„, 

e = n Z Jo S, C,. 

But e = C, r„ whence we get 

r, 1 
o, / qo 

Comparing this value of n with that obtained in the first 
equation of condition, we get 

S.Jo i^m? 

whence, finally, as the second equation of condition, 

S, r« g 



As Qo is proportional to /'o the initial permeability when the 
■shunt only is at work, and q proportional to the average perme- 
ability fi for the range of working between zero current and 
•^"ximum current, it follows that if there were no alteration of 
ration, q^ -r qo would equal 1. In the former editions of this 
, wherein the theory of compounding was expressly based 
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upon the supposition that there was no saturation — or iu other • 
words, that the permeability was eonatant — the formula ob- 
tained were admittedly incorrect for this reason. Dr. Frolich 
found for a certain Siemens compound dynamo, 



S, ^ 



17-7, whereas *"' "'"''' 



- 61-9. 



From which it is clear that ^„muet have been about 36 times as 
great as /ii ; in other words, this machine had an insufRcient 
quantity of iron in its magnets or armature core, or in both. 
This dynamo must have been both badly designed and of low 
efficiency ; r. ought to have been not 61-9, but at least 300 times , 
as great. as r^ -V r„. 

To compenBate for the demagnetizing action of the armature, 
additional turns are required in the series coil, as explained above 
ou p. 231 . To make the last set of formulae complete S should be I 
replaced by 9 - D f. 

Over-compoundinif. — It will be noticed that, apart from 
the demagnetizing action of the armature, the amount of 
excitation to fee provided for by the series coils is always 
proportional to the resistances that are in the main circuit 
and internal to the points for which the constant difference of 
potential is desired ; this renders it possible, in a ease where 
the mains leading from the dynamo to the lamps are long, so i 
to compound the dynamo hy adding more coils in series as i 
to give a constant potential, not at its terminals, but at the 
distant point of the circuit where the lamps are to be used. 
This is a most valuable circumstance in all cases where the 
lamps ai-e far from tlie dynamo, as in the lighting of mines 
fi-om machinery at the surface ; for then by over^'ompounding, 
one can obtain a constant pressure, not at the terminals of ' 
the dynamo, but on the mains at some point in tlie midst of 
the lamp-network. There is another advantage in oveiM;oni- 
[x>unding, namely, that when the full load conies upon a 
Qiacbine, the engine, however carefully governed, generally 
slows down a little, tending to produce a further drop in the 
voltage. As an example of over-compounding it may be 
mentioned that the 6-pole street-tramway generator, described 
on p. 433, required about 4000 ampere-turns per j 
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open circait, but had a series-winding which allowed an 
additional 6000 ampere-tarns per pole at full load. 

Arrangement% of Compound Winding. — Compound wind- 
ings may be arranged in several different ways. If wound 
on the same core the shunt coils are sometimes wound outside 
the series coils: as frequently the series coils are outside 
the shunt. It is advisable to keep down the resistance of 
the series coils, as they will form part of the main circuit ; 
whilst the additional resistance necessitated by winding the 
wire in coils of larger diameter is not altogether a disadvantage 
in a shunt coil. In the former editions of this work the 
recommendation was made to wind the series coils nearer the 
pole than the shunt coils. If the magnetic circuit through 
the ironwork be good, the position of the coils makes little 
difference. 

Practical Proce%% for Compounding. — It is clear from the 
foregoing paragraphs that the compound machine, when run 
on open circuit, with only the shuntKJurrent flowing, must 
give the same potentials at its terminals as it is to give as 
a compound machine. Hence this leads to the following 
practical process for compounding. Let the armature of the 
machine be run at the proper speed dictated by meclianical 
considerations, and let a voltmeter be applied at the terminals. 
Two experiments are then necessary. First, by means of 
temporary coils, having a known number of turns wound on 
the field-magnets, and furnished with measured currents from 
some accumulators or another dynamo, ascertain the number 
of ampere-turns that will suffice to excite up the magnets to 
this point. From this S, can be determined ; for C, is known 
beforehand, say 2 per cent, of the whole current at full load. 
Secondly, put into the main circuit some resistance to repre- 
sent the maximum load of lamps, and while the machine is 
running at its proper speed, ascertain, using still the tem- 
porary coil and accumulators, how many ampere-turns of 
excitation are needed in total when the machine is doing full 
work. Subtract from this the value of C, S, obtained in the 
first experiment, and the remainder gives the number of 

apere-turns which the series coil must furnish ; and as the 



maximum current is known, Sm can at once be calculated. 
The same process suits for over-compounding, the excitation 
at full load being raised until the volts at terminals rise to 
the higher number of volts that will allow for the drop in 
the leadfi. 

Design of Constant Potential Machineg.~lt is obviously of 
importance in such machines that the iron parts should be 
BO designed that (1) the characteristic should be as nearly 
straiglit as possible in that portion of it corresjjonding to the 
working range of currents for which regulation is desired ; 
(2) that it should not turn down. Consequently, it is of 
importance in such machines that there should be just so 
much iron in tlie magnetic circuit that the current due to the 
shunt should carry the initial magnetization over the knee of 
the cui-ve of magnetization ; and that the reactions due to the 
armature currents should be small. Also, of couree, the 
resistance of the armature should be kept as small a 



Characteristic of Compound Dynamo. — In the original theory 
of constant potential machines devised by Marce! Deprez. the ar- 
gument Vp-as based upon the absence of saturation, and the preB- 
ence of an initial independent magnet- 
ization. The following was the argu- 
ment of Deprez. If there ia a ywrraanent 
excitement of magnetism quite inde- 
pendent of that due to the main-circuit 
coils of the dynamo, the characteristic 
(Fig. 157) will not start from O, but from 
some point above it depending on the 
amount of independent magnetization , 
and on the speed. Let the starting- 
point be P. OP is the electromotive- 
foroe between terminals when the main 
circuit is open, but there is no external 
coirrent until the circuit ie closed, and 
then the characteristic rises in the usual 
fashion from P to Q. Draw O J at the proper slope to represent 
the resistance of the armature and series coils together. Now 
consider a line O E drawn at such an angle that the tangent of 
its slope represents the total resistance of the circuit at any parti- 
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<*ular moment. Then E x is the tolal ^eetioni0ti^vB>force aft that 
moment, and a part of this, equal to a x, wOl he «n|^oyed in 
driving the corrent O x throagh the resistance of armature and 
aeries coils. The remainini^ part E a represents the difference 
of potentials between the terminals of the external circuit. So 
the problem resolves itself into this : how to arrange matters so 
that E a shall always be of the same length as O P^ no matter 
how much or how little the line O E may slope, dearly the only 
way to do this is so to arrange the speed of the dynanw that the 
part from P to Q shall be paraTlel to O J. If the^ieed is reduced 
exactly to the rii^t amount the inclination of the characteristic 
will be equal to that of the line O J. Then, as shown in Fig. 158, 
the potaidal between the terminals will be constant. It will be 
seen that this agrees with the deductions arrived at in the alge* 
braic treatment of the question: namely, that the critical speed is 

proportional to the internal resist- 
ance: and that the constant differ- 
«ice of potmtial Ea is equal to that 
due to the independent magnetiza- 
tion O P at the critical ^)eed. 

It should also be noticed that if 
the part of the characteristic be not 
straight, that is to say^ if the field- 
magnet cores are becoming satu- 
rated, the regulation cannot be per- 
fect. If the line P Q be curved, then 
the potential for large currents will 
not be equal to that for small cur- 
rents. If, in the practical process for winding the magnets, the 
coils have been wound so as to make « the requisite number of 
volts, both on open circuit <i. e. at OP), and at another point 
(say at Q J), when the dynamo is feeding its maximum load, then 
there will in general be a slightly greater potential for interme- 
diate loads, owing to the slight convexity of the curve between 
P and Q. 

The above argument holds good whether the index)endent ex- 
citation be due to permanent magnetism or to a combination with 
separately-exciting coils (see pp. 55 and 231), or toshimt-exciting 
coils. In the latter case O P represents the potential at terminals 
duo to shunt circuit alone. 

The (jase of the '' compound " dynamo is worth looking at from 

another point of view also. On p. 213 two curves — not charac- 

eristics — are given, showing the relation of electromotive-force to 
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extemat rcsistaiice in a series machine aiid in a shunt machine. 

Ono begins at a certain height and falla when the resistance lias 

attained a certain value ; the other begins low and rises when the 

reaistance has attained a certain vahie. It is conceivable that if 

a dynamo were wound with both shunt and series coils, so that 

each worked up to t)ie same 

potential and th;it they 

were so proportioned that 

the number of ohma at 5 

which one fell should be * 

the same as that at which 

the other rose, then the 

compound machine should, 

as indicated in Fig. 159, 

give as a result of tbe 

double- winding, a constant 

potential. 

Kc(erwal Characteristica 
of Self -regulating Dyna- 
t?tos,— Simultaneous observations of the external current C and 
tbe external potential e enable us to plot the external character- 
istic; which in a perfectly self- regulating dynamo would be a 
borisontal line. If the number of regulating coiU in seiies is too 
small, the characteristic will fall as tbe current rises: if too large, 
will droop slightly at the end near the origin. This latter case, 
however, is not always a disadvantage, for with machines workM 
singly on an engine the speed often rises in consequence of im- 
perfect governing when the load on the dynamo is small. 

Esson's Obacrvations. — Mr. W. B. K'lBon has examined why it 
is that compound dynamos wound so as to be self- regulating for 
a given speed, regulate fairly well at any speed within consider- 
ably wide limits. The explanation he gives depends upon the 
saturation effect in the iron. If the magnetism were strictly 
proportional to the ampere-turns of excitation, there would be 

liternllyacriticalspeed. The approximate rule i:^ = — — ^ gives 
the niunber of series coils much tflo low, for when the shunt coil 
has already excited a certain degree of magnetization, the series 
coil cannot produce a proportionate increase owing to the lesser 
permeability. In a series machine (designed to give a current of 
20 amperes), the elect i-omotive- force added to the machine by 
increasing the exciting cun-ent from 5 to 10 amperes is much 
greater than the electromotive- force added by increasing the cur- 
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rent from 10 to 15 amperes. Again, a 100-volt machine (self- 
regulating), in which therefore the shunt gave excitement enough 
for 100 volts on open circuit, had series coils ui>on it which were 
able, when the shunt was removed and the full current on, to 
give 60 volts between terminals. The value of the series coils to 
excite magnetism is diminished as the excitation due to the shunt 
is increased. All this is, of course, due to the diminution iu 
permeability of the iron of the machine as the degree of saturation 
increases. From this it follows that a certain relation must sub- 
sist between the si)eed of the machine and the degree to which 
the magnets are excited by the shunt coil. But the magnetism 
furnished by the shunt coil also depends on the speed, and in- 
creases with it. If, therefore, at one speed this relation is such 
as to produce self -regulation, the relation will be almost equally 
true at other speeds. 



Engineers desiring further information on compound winding of 
d3mamo6, are referred to a series of articles in the Electrician^ in 1888* 
by Mr. Gisbert Kapp ; also to two articles by Mr. Esson in the Electrir 
dan of June 1885. Articles by M. Hospitaller in VMectricien, and by 
Herr Uppenbom in the Centralblatt fUr Elektrotechnik, should also be 
consulted ; and the student should above all read the series of papers 
published by Dr. Frdlich in the Elketrotechnische Zeitschrift for 1885, 
and a still more remarkable paper by Professor RUcker in the Philoso- 
phical Magazine of June 1885. Some account of these was given in the 
Appendices of the third edition of this book. The latest contributions 
to this question are by C. Zickler, Centralblatt fur Elektrotechnik, ix. 
264, 1887, and M. Baiungardt, i6. x. 281, 1888 ; and by Dr. Louis Bell, in 
the Electrical World, xvi. 883, 1891. 



CHAPTER XII. 

OS WISDINO OP AHilATURE (COSTISUOUS CTTERBNT). 

This chapter is devoted to tlie theoryof the ivays of joining 
up and combining the conductors on thearmatuies of dynamos. 
Workshop details concerning materiaU and modes of con- 
Btnictiou are considered in Chapter XIII. 

It has been pointed out, on p. 39, that continuous-current 
dynamos are usually provided with closed-coil armatures, that 
is to say armatures on which, whether wound according to 
the ring, drum, or disk type, the winding is re-entrant on it- 
self, the current dividing between at least two paths and re- 
uniting as it leaves the armature. For machines with two 
poles there are but two such paths, the cun-ent dividing once 
only. But for multipolar machines there may be either two, 
or more than two, such paths ; with one, or more than one, 
bifui-cation ot the current. The electromotive-force of the 
machine will obviously depend on the mode of connection of 
the conductors as to how many active conductors are con- 
nected in series. Hence the necessity of understanding the 
theory of armature winding. 

To connect uprightly the conductors on an armature so 
as to produce the desired result is a simple matterin the case 
of ring-winding, for continuous-current machines, whether of 
bipolar or multipolar type. It is a much less easy matter iu 
the caae of drum-windings, especially, for multipolar machines. 
Often there are several alternative ways of arriving at the 
same result ; and the fact that methods which are electrically 
equivalent may be geometrically and mechanically different 
makes it desirable to have a systematic method of treating 
tlie subject. 

In Chapter III., pp. 36 to 44, we have already considered 
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the elementary structure of ring, drum and disk armatures. 
Those elements would suffice for the consideiution of small 
armatures coiled with only a few turns of wire. But when we 
proceed to the design of large machines, or of machines which 
are to be wound so as to give potenials as high as 400 or 
more volts, further information is needed. For example, 
suppose we have designed a 4-pole machine having a bar- 
armature with 100 bars spaced around its peripherj', all in one 
layer, numbered consecutively from 1 to 100, and we desire 
to complete the end-connections ; we must be able to instruct 
the workman as to the order in which they are to be connected. 
Is he to connect the front ^ end of bar No 1 right across to 
bar No. 50, or No. 49 ? Or is he to connect it across a quarter 
of the periphery, and, if so, is it to join No. 25 or No. 24, or 
to No. 75 or No. 76 ? To which return-bar is he to connect 
the back end of the bar? And which bars are to be connected 
down to the commutator ? 

The object of the present chapter is to give information 
on these points. Brevity is essential ; and much more might 
have been written. Those who wish to go further should con- 
sult the writings of Hering,^ Amoux,® Fritsche,* Weymouth,* 
Arnold,® Parshall and Hobart,*^ as well as sundry specifications 
to which reference will be made. 

As remarked above, there is generally little trouble in 
understanding a ring winding, provided the distinction between 
a right-handed and a left-handed winding is comprehended. 

Fig. 160 shows one section of a ring, the direction of the 
currents being indicated in the same way as on p. 72, Figs. 60 
to 62. As we pass right-handed around the circle from a to 
h we follow a right-handed spiral path, the current climbing 

1 ** Front " end means the end where the commutator is ; armatures 
being always most conveniently regarded from this end. 

2 Herring : Principles of Dynamo-Electric Machines^ New York, 1891. 
8 Amoux : VElectHcien, xii. 737, 774, 827, 1888. 

* Fritflche : Die Gleichstrom-Dynamomaschine^ Berlin, 1889. 

* Weymouth : Drum Armatures and Commutators^ London, 1898. 

« Arnold : Die Ankerunckelung der Dynamomaschinen, Berlin, 1891. 
^ Parshall and Uobart : Armature Windings of Electric Machines, 
New York, 1895. 
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(as explaioed on p. 60) to the positive brush at the top. (A 
left-handed coiling, such as Fig. 31, p. 38, would give the 
positive brush at the bottom, unless either the rotation or the 
polarity o£ the dynamo were reversed.) To say whether & 
drum armature is rigbt-liiuidedly or left-handedly wound we 
must first settle upou the particular end of it from the point of 
view of which our statement is to bo applicable; for instance 
the commutator end is conveniently taken as the one at which 
we are supposed to be looking. And we must also fix upon a 
certain sense of rotation (aay clockwise) in which we intend to 
take the order of tbe commutator bars. These two matters 
being Hxed arbitrarily, then a right-handed winding may be 




defined as follows. That winding is right-handed which in lead- 
ing from one bai' to the next (in the order fixed as above) form* 
a right-handed screw. Now consider Fig. 161, which depicts 
one element or section of a drum-winding having 40 external 
conductors. Starting fron> a to climb to h, and noting tbe 
direction of the currents in the conductore, it is obvious that a 
roust be connected by a spiral connector across the front end 
of the dmm to one of the descending conductors such a 
No. 20, from which at the back end another connector must 
join it tooneof the ascending conductora, such as No. 3. where 
it is led to ft, thus making* one right-handed turn. No 
examine Fig. 173. p. 259, and Fig. 178, p. 263. They are both 
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lef t-iianded, the latter having eight turns of wire in one section. 
Note in passing that if the back connector in Fig. 161 from 
No. 20 to No. 3 had passed under the shaft, instead of over it, 
the winding would still have been a right-handed winding. 

The next point is to ascertain over how many conductors 
these spiral connectors ought to pass. We connected No. 1 
(did the bar a) to No. 20, and then back to No. 3. Is there 
any reason why No. 20 should have been chosen and not 
No. 21, or No. 19, or No. 18. To understand this we must 
consider the question of conunutation in the conductors as a 
whole, and also i-emember that there are two paths through 
the windings from brush to brush. This is a drum with 
40 conductors in one layer : and there will he 20 bars in the 
commutator. Remember that the induced electromotive- 
forces will be directed from back to front in the conductors 
rising on the left, and from front to back in those descending 
on the right. It is natui-al to tliink that each conductor ought 
to be joined to the oue that lies diametrically opposite to it. 
In that case No, 1 should be joined to No. 21, No. 2 to No. 22, 
and so forth. But this will not do. Each conductor on one 
side needs a return conductor on tlie other side. The even 
numbers may be looked upon as the returns for the odd 
numbers. Hence No. 1 ought not to be joined to No. 21. 
Shall it be jomed to No. 20 or to No. 22 ? or shall we join it 
to No. 18 ? Nos. 20 and 22 lie on either side of the one ttiat 
is diametrically opposite, and electrically it makes no difference 
which we select of these two. If we are going to use a back 
connector which returns over the shaft (as in Fig. 161), there is 
B slight saving of copper if we select No. 20, If the back 
connector returns under the shaft, either may be taken. More 
copper will be saved if we select No. 18 and return over the 
shaft, as the spinil connectors will be shorter. But if we thus 
connect aci-oss a short chord of the circumference, instead of 
taking the chord nearest to the diameter, we risk getting 
counter electromotive- forces in the turns that are in series 
from brush to brush. On the other hand, as Swinburne has 
shown, connecting acioss a short chord has the advantage 
that the armature has a smaller demagnetizing action. The 
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effect of winding across a chord subtending the simu of the 
pole-piece is shown by Fig. 162, in which it will be seen the 
belt of demagnetizing conductors between the pole tips is now 
replaced by a belt, in which 
tlie currents flow in two op- 
posing directions, thus neu- 
tralizing one another. In no 
case should the chord subtend 
A less angle tlian that sub- 
tended bythe polar face. The 
rule then for connecting is as 
follows for a simple 2-pole 
drum armature. The number 
of conductors Z being an even 
number, the front connector 
must cross from any con- 
ductor to that which is 4 Z ± 1 further on (or i Z + 3 for 
shortening the chord) ; and the back connector must lead 
back to the next conductor hut one. In the following winding- 
table the lettei-3 F and B stand ior front and back, and the 




■\Vikdino-Table. 3-pole Drum. 40. Coxductoes. 
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B I 


F 1 


B I 
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D 


U 


D 


U 


D 


U 


D 


tJ 
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39 
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24 
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36 
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28 
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80 


11 


3S 


13 


34 


15 


30 






17 


38 


19 


40 


31 


8 


33 


4 






25 


6 


37 


8 


29 


10 


81 


12 






33 


U 


85 


16 


37 


\S 


39 


30 





letters U and D stand for vp and down, meaning toward the 
front end, and from the front end respectively. From this it 
will be seen that starting with conductor No. 1. we follow 
dourti it to the back, there connect it to No. 2'2, then come up 
to the front, then come (connecting to a bar of the commutator 
in passing ) to No. 3, go down this, and connect across the 
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back to No. 24, and so on. The overlap is in tljis case + 21 
at the back end, and — 19 at the front end. At last we come 
to No. 20, up which we return to the front and connect to 
No. 1, taking the last bar of the commutator on the way. 

Simple as the njatter may seem, the problem how to con- 
nect across the end of the drum from one conductor to that 
which is next but one, or next but three, to the diametrically 
opposite conductor, is not altogether easy when the mechani- 
cal and electrical difficulties are taken into account. To 
shorten the length of the long spiral connectoi-s, and make 
the end-connections more symmetrical, the arrangement indi- 
cated in Fig. 163 is now often used. The spirals are thus 





Fig. 168.— Drum- Winding with Two Fig. 164.— Two-layer Drxjm- 
Sets op Spiral Connectors. Winding. 

arranged in two layers one over the other, as in Figs. 231 and 
Plate IV., with the effect that the commutator has virtually 
been turned through about a quadrant, so that the -f- brush 
will be on the left instead of at the top. It has the advan- 
tage that all the spiral connectors at either end may be made 
of the same size. 

If, however, the conductors are arranged in two layers 
one over the other, the windings may be made across a 
diameter, the last turn being brought across to the next 
in the same layer. The conductors of the outer layer then 
answer instead of the intermediate members of the one- 
layer set. In Fig. 164 the end of No. 1 is brought to a 
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tlience it spirals round to No- 21, which is connected acroi 
the back to No. 3, and so on. Fig. 165 shows how the i 




P'Vlo. 165.— Dnusi- Winding of Edison-Hofkinson Dtnauo. 

eoncluctors of the wire-wround Edison-Hopkinson armature 
(see p. 353) are connected, there being in reality two layers 
^jOiO each, and a 40-part commutator. 

^^^H Developed Winding DiAGBA^kis. 

* There is a great advantage in adopting a mode of re]«-e- 
sentation (originally suggested by Fritscbe of Berlin) in 





wliicli the armature winding is considered as tliougli the 
entire structure had been developed out on a fliit surface. 

Consider first Fig. H36, which is a partial sketch of a four- 
pole machine laid on its side. The core, which may be here- 
f itter wound either as ring or as drum, lies between the four 
poles of alternate polarity. If a 
copper rod a is placed parallel to 
the axis to I'epresent one of the 
arraatui'e conductora, and is sup- 
posed to move along the gap-space 
right-handedly past the S pole, it 
will cut the magnetic lines entering 
that pole. By the rule given on 
p. 22, the induced electromotive- 
force in it will be upwards. An- 
other conductor c passing the N 
pole will have induced in it a downward electromotive-force. 
If one were to attempt in a picture such as this to show 
twenty or more conductor and their respective connections, 
the drawing would be unintelligible. Accordingly we have 
to imagine ourselves placed at the centre, and the panorama 
of the four poles around us to be then laid out fiat, as in Fig. 
167. It will be noticed that tlie faces of the N and S poles 
are shaded obliquely for distinction.' 

Now in an actual machine there are many armature con- 
ductors spaced symmetrically around, and tliese Itave to be 
grouped together by connecting wires. In the case of ring 
windings the wires which connect the active conductors in the 
gap-space pass through the central aperture in the lung when 
they ai^e removed from the magnetic field. Suppose, for 
simplicity, we have a ring armature of only 12 turns, and 
12 bars to the commutator. If this is opened out from the 

' I choose tliese oblique liDea tor the following reason. 11 Instesd of ilie 
line a b (representing a conductor), a murow tilt In a piece of paper were 
laid over the drawing of the pole-face, and moved as the doited arrows show 
towards the right, the fllit in passing over the oblique lines will cause an 
apparent motion in the direction in which the ciiirent tends in realit; to 
flow. It Is eajy to remember whicli way the ohllqne lines must slope; for 
those on a N pole-face slope parallel to the oblique bar of the letter N. 
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inside we shall have the form shown in Fig. 168 where the 
dotted lines are the inactive parts of the spii-al winding that 
paas through the inside of the ring. By tracing the arrows it 
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will be seen that there must be two positive and two negative 
brushes. Fig. 169 gives an end-view diagram of the same 
winding, by which the two modes of presentation may be 
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Fio. 188.— Developmekt of EiKO-WiNDrao Foa 4-pole Macbbse. 

compared. It is clear tliat in this case the armature might 
be used as two separate machines to furnish two sepaiate 
currents, though this would not be desirable. It is usual to 
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coaple the poeitive bmsbes together, and the negative brushes 
t<^ether. A 6-poIe machine would reqoire six brashes, and 
BO forth. The reader sbonld examine the cats of the Berlin 
dynamos, Plate VIII. ^Vhen the brashes of the same sign are 
thus connected together the electromotive-force of the wbole 
armature is simply that of any of the sets of coila from one 
+ bi asb to the adjacent — bnisb. In this 4{>ole machine the 




Fio. 169.— Rdjo-Windino roE 4-POtc Ma^CBIKz 

(COKRESPONDtVQ TO FlQ. 166). 



coils of the four quadrants are in four parallels ; the internal 
resistance is one-sixteenth of the total resistance around 
tlie entire ring. There is, as we sliall see, another mode of 
connecting the coila of a multipolar ring, in which the 
quadrants, instead of being all in parallel, arp in series, so as 
to give two parallels only. This inude is sometimes called 
-multipolar serie», or single rirniit winding : it would be more 
■proprifttely called terief^ironping. It requires only two 
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sets of brushes at neutral points on tho commutator, however 
many poles there are arouud the ring. 

In further applying the method of development to those 
cases in which the winding is entirely exterior to the core, as 
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fat drum am n uur es, or to xboae in wliich there is no core at 
allr namel J lor di:ik armamres, we find that there are two 
distinct modes of pfocedare, which we may respediYelj 
denote^ as "lapHtimdimff and w mwe- nm dimg. The distinction 
arises in the it^Iowii^ manner. Since the conductors that 
are passing a north pole gtfiexate electromotiTe-forces in odc 
direction, and those that are paasing a sonth pole generate 
electromotiTe-forces in the opposite direction, it is clear that a 
condoctor in one of these groups onght to be connected to one 
in nearl J a corresponding position in the other groap, so that 
the current mar flow down one and np the other in agreement 
with the directions of the electromotiTe-forces. If now we 
examine Fig. 170 we shall see that at the back of the arm- 
ature (or end distant from the commutator) each conductor 
is united to one Stc places further on — Xo. 1 to No. 6, 
No. 3 to No. 8 — and that at the front end the winding, after 
haTing made one ^ element *' (as for example rf-7-12-€), 
then forms a second element (f-9-14-:f ), which laps over the 
first ; and so on all the way round until the winding returns 
on itself. 

Now contrast with this Fig. 171, in which, though the 
connections at the back end are the same, those at the com- 
mutator end are different. It will be seen that when the 
winding returns back toward the commutator, instead of 
lapping back toward the part from which it started, it is 
turned the other way. The winding <i-7-12 does not return 
at once to ^, but goes on to i, whence another element t-17- i-g 
goes on in a sort of zig-zag wave. These are both drum 
windings, the corresponding tables being as follows : — 

It will be noted in .passing that whilst with this particular 
number of conductors (18) the lap-winding results in four 
parallels of coils, and needs four brushes, the wave-winding 
results in two parallels, and requires two brushes only. 



^ Thft wavfwwinding is Fritsche's Wellen-wickelung ; the lap-winding is 
^"^lled by Arnold (op, cit,) Scheltel-tolckelung, Wave-windings were early 
1 by Mattlu'ws, Bollinann, and Miiller; and by Ferranti and Lord Kelvin 
dteniatc-current generators. 
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Windiso-Tablk for Fiq. 170. 
(Lap-Windm6.) 



Wcjiuno-Table for Fio. 171. 
(Watb-Windino,) 
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WlNDISQ FOEMUL^E FOR CLOSED CoiL ARMATURES. 

General formulce for connecting — applicable chiefly to 
tirum -win dings — have been given by Hopkinson, by Miiller 
and by Arnold. We shall follow the latter in the main. 
There is no difficulty about ring-windings ; but a few special 
cases are separately considered later. With drum-windings, 
however, certain complications arise needing discrimination. 
In deducing a formula for finding the proper spacing of 
conduetoi's in a drum armature, it is well to begin with a 
bipolar machine, and then afterwards consider the effect of 
liaving more than two poles. We have seen from Fig. 161 
that it is desirable in order to obtain a symmetrical winding 
to set aside the even numbers as returns for the odd numbers. 
Now in Fig, 161 there is only one spiral araund the anuature 
in passing from the bar a to the bar h, but in a high-voltage 
machine there might be several spirals. However many 
there may be, we will call this portion of the winding that 
lies between two commutator bars an "element" of the 
winding. Suppose it consisted of five spirals, then there 
would be ten conductors in one element, that is to say. 
five conduetoi's together in a group at one side of the 
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plex windings out of account, for the sake of simplicity, a 
will be the number of bifurcations of the current through 
seta of coils that are in parallel with one another. 

The number of neutral points on the commutator will be 
always ^ 2 a. The number y must always be, relatively to «, 
a prime number, otherwise the winding will not be re-entmnt 
as a closed coil. If they havg a common factor (as, for 
example, s ^ 36, y ^ 27, where the common factor is 3) there 
will be as many independent circuits. In applying the 
formulee we have several cases to deal with. 

(V.) Parallel (grouping. We have seen in the case of an 
ordinary ring that there will, in a 4-pole field, be four rows 
of i Z coils each in parallel with one another. Any grouping 
which results in as many rows in paj-allel as there are poles 
around tlie armature is called a parallel grouping. In a 12- 
pole field we should have 12 rows of ^^ Z each, in parallel. 
Each pair of such rows may be considered as constituting a 
separate 2-pole armature. It is also so for drum armatures 
if wound with lap-windings, but not if with wave-windings. 
The two cases stand thus for getting a parallel grouping; — 

(a) With Lap-mndir^ write in the formula p ^ 1 and 
a ^ 1, and apply it to a set of conductors lying 
between two poles of similar name. 

(J) With Wave-winding write a^=,p; that is to say, 
there must be as many bifurcations of tlie current as 
there are pairs of poles. In a 6-pole machine ^ ^ 3, 
and the current will bifurcate at three points (the 
three negative brushes), going through six parallel 
paths to the three positive brushes (or to the cross 
connections that lead to the positive brush). 

(«.) Series Chouping. For this, seeing that tlie cuiTent 
only bifurcates once, a ^ 1, whatever the mode of coiling. 
In the case of 2-pole machines the series grouping and 
parallel grouping are the same thing^there are two rows of 
coils in parallel with one another, and the winding may be 
either a wave-winding or a lap-winding. For 4-pole machines 
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the same bolds good. For machiDes having more poles than 
four, however, the only possible cases of series grouping are 
wave- win dings. 

(m.) Mixed Grouping$. There are several possible cases 
of mixed lap- and wave-windings, corresponding to cases 
where a > 1 or a p. 




Fio. 172,— Rls'o-Wisdixo with opposite Coos is Serees. 

As examples for verifying these formula we may take the 
following : 

In the ring-winding. Fig. 34, p. 40, Z^32;^^l; i = 4; 
( ;= 8 ; (T ^ 8. Hence y = 7 or 9. But the ring has eight 
sections only, of which, therefore, the seventh and the ninth, ' 
reckoned from any given section, are those that lie on either 
nde of it 
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Iq the dium-wimling. Fig. 69, p. 85, Z = 32; p = 1 ; 
A ^^ 2 ([because each " elemeut " of the winding fi-om bar to 
bar of tlie commutator contains two active conductors) ; 
« = 16 ; (T ^ 16, Hence ^ = 15 or 17. The former number 
may be taken as referring to the front layer of connections 
(No. 1 to No. 16), the Utter to the layer below them (No. 2 
to No. 19). 

A further example is afEorded by a special ring-wiiiding 
used by Wodicka, Fig. 172, in which each section is joined in 
series with one on the side opposite to it, so that the number 
of commutator bare is half that of the sections. Here each 
*' element " of the winding consists of two sections each con- 
taining active conductors ; hence J^4; Z^32; b^16; 
p ^ \; whence y may be either 9 or 7. 

DnuM- Windings. 
In Fig, 173 is given a drawing of dmm-winding applied to 
an 8-p(irt armature. As in all Siemen's earlier drums the 
windings lay in two layers, each section l)eing wound dia- 
metrically. Thus starting from the bar of the commutator 




L 



Fio. 1"3.— C'J\SECTios9oK Siemens 
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marked 1 *e pass outwards to 1', then down the armatare, 
acroiis the buck, up to 1", and (after having wound a sufficient 
number of turns to form a Hcction) spii-al up to bar 2 of 
tlie commutator. The 
Edison vaiiety of Sie- 
mens' winding is showu 
inFig.174. Thediagram 
only shows a simple case 
with a 7-part commu- 
tator. Heie S ^ 14; 
A ^ 2 ; and according to 
the formula y should be 
6. But the actual value 
of the spacing is 7 at the 
back and 5 at tlie front 
end, as will be seen. 
With an odd number 
of sections commutation 
does not occur simultar 
neously (in bipolar ma- 
chines) at both the brushes, but alternately. 

A closer study of the drum-winding is important, and 
accordingly there are given a series of winding digrams 
relating to several varieties. 

In Figs. 175 and 176 are given a right-handed winding on 
Siemens' plan for an 8-part commutator, and one tuni to each 
section, i. e. wltli 16 conductor spaced round the periphery. 
The connecting pieces at the front end consist of straight 
connectors (such as a 6) and spiral connectors (such as a 1), 
which cross (either nnderorover) the former. The connecting 
pieces at the back end are not further indicated than by tlio 
dotted lines dmwn across. In the developed diagi-am it is 
shown that each element of the Avindingis similar to o-o— li-d 
and that the arrangement is a lap-winding. The back con- 
nectors space over seven conductors, being just short by one 
of the number \ Z in the semi-circumference ; whilst the front 
connectors ^pace over five, being short by three of the semi- 
circumference. It will be further noted that with this right- 



handed winding, rotating right-handedly in a right-iiaiided 
field, the + brush is near the top of the commutator. 
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Figs. 177 and 178 represent the same thing, except that 
the winding is leftrhanded, with the result that the + brush 
is now near the bottom of the commutator. 

The winding table for both these figures is the same, 
namely : — 
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But in the right-handed winding the spiral connectors, such 
as a to 1, go toward the left, and in the left-handed winding 
to the right. 

In Fig. 175 and Fig. 177 (the developments) it is seen 
that for both these windings the " element " of the winding, 
indicated by the darker lines, is unsymmetrical at the front 
connectors, one straight, one spiral. The bar a of the end 
of the drum, this being due to the use of two sorts of com- 
mutator is connected to the front end of conductors No. 1 
and No. 6. In one case it is skewed forward to be opposite 
No. 6 ; in the other it is skewed backward to be opposite 
No. 1. Why should it not be placed symmetrically between 
them ? 

Figs. 179 and 180 depict a symmetrical lap-winding, elec- 
trically precisely equivalent to the preceding, and having the 
same winding table. The advantages are twofold : that (for 
built-up armatures) the connectors at the front end are now 
1 of the same pattern, consisting of two sets of short spirals ; 

d that the brushes now come to a horizontal diameter where 

ey are more accessible. The back connections remain 





Fios. ITT and 178.— Laf^Wisdiko (SiEJiEKa' Left-haNded) Devei-op- 
SB«T AND End View, 
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exactly as before, and go across a longer chord than the front 
connections. 

To secure the utmost symmetry in the winding, the back 
and front counectore ought to be equalized. The theoretically 
proper apacing is y = 7 or ^ = 9. To attain this, join No. 1 
to No. 8 at one end of the di'um and to No. 10 at the other. 
The result is shown in Figs. 181 and 182, from wliich it is at 
once apparent that we have passed from lap-windings to a 
wave-winding ; each element passing around the djum and 
returning only to the next bar of the commutator from whenoe 

Electrically this winding is the precise equivalent of the 
three preceding. The spiral connectors at the back end meet 
in pairs as those at tlie front meet at the commutator. 

A two-layer winding for twenty-four conductora, togethi 
with its development, are given in Figs. 183 and 184, showing 
how, when half the armature, from a to ^. has been completed 
oue layer has been wound, 

Multipolar Bmm*. — As mentioned on p. 278 below, the 
winding of multipolar armatures with series-grouping waa 
suggested by Professor Perry. ^ It has been applied to drum- 
winding by Messrs. Paris and Scott,^ and by Mr. Kapp. For 
Hie case of multipolar machines it is convenient to state the 

Speclflctitiou of Patent, No. 3a30 ot 1862, 
Speclficatiou of Patent, No. 4SS3 of 1884. 
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rule in words duit if a series gioiquig (so as to give high 
ToLtage; L» desred. 5 mist be an odd number and that the 
tocal nomfaer erf coodoctors most be eqoal to y times the whole 
nomber of polea^ pIiE» or minus two. For example ; for a 
6-poIe dnniL, taking jf as 15, the number of conductors must 
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be either 88 or 92 ; not 90. On p. 268 is giyen a winding- 
table, calculated by Mr. Kapp for an 8-pole machine having 
a spacing of y = 25. 

It may be remarked in passing that if in multipolar 
machines the number of sections is an exact multiple odd or 
even of jo, the grouping will be parallel : and if it is an odd 
multiple then commutation will not occur simultaneously at 
all the brushes, but alternately at all the + brushes and at all 
the — brushes, similarly to the alternate commutation in a 
2-pole machine when there is an odd number of sections in 
thi3 winding, 

In Fig. 185 and 186 are given the connections for a 4-pole 
drum-winding with twenty-two conductors ; here y = 5. The 
winding-table for this armature is as follows : — 

4-POLE Drum : 22 Conductors : Series Groupdjo. 
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In Fig. 187 and 188 is given a lap-winding used by Thury 
(see Fig. 297, p. 442), the case illustrated being that of a4-pole 
drum. It is a lap-winding for parallel grouping, with a 
spacing at the back end just short of the pitch of the poles 
and a still shorter spacing at the front end. This is a form of 
chord winding intended to keep conductors at very different 
potentials from overlapping, and it can be well insulated 
because the separate sections can be wound on formers before 
being laid over the core. 
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A metliod of ilruiu-wiiidiiig was proposed by Fiitacli«,' iu 
wliiclt the conductoi's all lie obliquely licitMs the suifuve of 
the drum, no part of them being pai-allel totbetihaft. luthiii 
case tlie field-magnet poles are alao constructed with diagonal 




5 

— Fritsche's Obuquk Wave-Wisdino. 

faces. This oblique winding is shown developed in Fig. 189 ; 
which should be compared with the winding of Fig. 201, to 
which it is electrically equivalent. 

Multiplex Windings. 

Ill dynamos intended to yield currents so lai^e that a 
difTicuky in commutation is likely to arise, it is conveuientto 
have two or more distinct windings on the armature, each 
coiniected to its own set of commutator bars, all the sets 
being interleaved in one commutatoi'. Tlie current in such 
cases is cnllacted by a pair of brushes broad enough to make 
contact over two or three consecutive biirs, or by a set of 
several bruslies connected in parallel so as to virtuallj- form 
broad brushes. The advantage of duplex or triplex windings 
having two or three independent circuits is that only a 
fraction of the whole current has to be reversed in tlie passing 
of any one bar of the commutator. The division of what 
would otlierwiae be very stout conductors into several smaller 
conductors, also has the effect of reducing eddj'-current loss 

'Zhe (?Ieich«trom-i}vnamoma*chine, Berlin, 1689. 



dmg of Armatures. 



Figs, 190 and 191 sliow tbe connections of a tniilex-noiind 
tl rum-armature for a 2-pole field liaviiig 48 conductors in 
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all, that is to say, 16 in each independent circuit. In practice a 
greater number of conductors would of course be used. Each 
circuit is wound as an ordinary drum-winding, being con- 
nected to 81>ars of the commutator. There are no connections 
between the three circuits except such as are made by the 
brushes, which are broad enough to overlap three bars of the 
commutator, thus putting the three circuits in paralleL 
The winding-tables for this armature are as follows : — 
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Fig. 192 shows the connections of a triplex-wound drum- 
armature for a 4-pole field. The connections are sufBciently 
clear without the aid of a winding-table. There are 90 con- 
ductors, 30 in each circuit, the spacing being 21. 



Multipolar Ring-Windings. 



Of these something has been already said on p. 250. It 
was noted that an ordinary nng placed in a multipolar field 
would have as many neutral pointsonits commutator as there 
are poles around it, and would therefoie need as many brushes 
as the machine had poles. In plate V III. are given two views 
of the large Berlin type of multipolar ring machines with 
internal field-magnets, which originated with Messrs. Siemens 



and Halske. The ring-winding is built up of seimrate copper 
conductors wbicli are joined together in a simple continuous 
spiral. The outer portions of these conductors are made 
deep and broad, ao as to serve as a commutator. The brushes 
trail on the outer surface of the ring; audit will be noted 
tljat there aie as many seta of brushes as there are internal 
poles ; the brushes are spaced out at equal angulai' distances ; 




Fio, 193,— Triple- wouKD 4-pole Dri^ Abkatuee. 



there being 10 seta of them, alternately positive and negative. 
The 5 positive brushes are all connected together electrically ; 
while the 5 negative brushes are also connected together. In 
this case there are 10 paths through the armature from the + 
to the — side of the circuit. It is, liowever, possible to reduce 
the number of brushes to two, by two independent methods, 
one of which connects the rows of sections in parallel with 
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multiple paths throughout the ring, the other puts them in 
series with but two paths through the ring. 

In Fig 193 is represented a mode of reducing the number 
of brushes to two, by cross-connecting windings at opposite 
sides of the ring, a de%'ice due to Mr. Mordey. This may be 
looked upon as simply putting into parallel with one another 
each coil and the one that occupies the similar place opposite 
the corresponding pole. The arrangement looks unsym* 
metrical, but is not really so. For a 6-pole machine each 
coil would need to be connected with the two others at 120" 
either side of it. 
There are several actual 
ways of doing this. One 
is by means of spiral 
. connectors ; another is 
by connecting across the 
corresponding bars of 
the commutator. In the 
Victoria dynamos of the 
Brush Company (Fig. 
283) the length of shaft 
between the ring and the 
commutator permits of 
double cross-connection, 
each junction of two 
adjacent sections being 
connected by a wire 
down to the nearest bir of the commutator, and also connected 
round to that on the oijjjosite side, as in Fig. 194, Such 
cross-connetted machineii really have four neutral points on 
the commutator, but the brushes collect the current fi-om 
two only. 

There are several methods of grouping the windings in 
series so as to gain a double electromotive-force. One of 
these modes, electrically symmetrical, is depicted in Fig. 195, 
wlierein, while opposite coils are coupled in series, the ceni- 
mutator bars are cross-connected. This requires also but two 
brushes, at 90° apart. Two other modes of accomplishing tlie 
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(PiBALLEL CONXECno.VS.) 



i«^ oj j^rmatures. 



same end are shown in the windings of Figs. 196 and 197. 
Mere, however, the ounections ave Jiot syiii metrical, so that 




he. 104. 



Fi(i. 195. — 1-poLE Ki<i(i. Series 
GROCpnto (2 Eows). 



the resistances of the two paths (and therefore the respectivi 
currents) cannot be at all instants equal. 




Fir,, 197.— 4-POLE RiSG, Skbibb 
Grouping (3 Rows). 



In yet another arrangement (Fig 198). each coil is con- 
nected down to^ segments at intervals of 860° -i- p around 




^'iA'^-in na'.^'.c:! in * -t-c*;ui d fcl ) L T^ Eosiber o£ sections and 
of parts '.t ihe -TmTiTmr.-r 3iaa; jm -M-i if ihe acmtwr ot 
E*in --.c ;r.I.ia Ia ^T-tr.. h nuij be eiier odd or eveo for 
<^r^/.f: or l'Vc4iU a:a^Li::e*- AmoM points oat lliat it is 

ArTioi'i ' J^Ait described nnmeroos other ring windings of 
complex kimij ; and Parsball has given manr examples. 

DiSK-WrXDtSGS. 

ThftM may in general Ije treated as dram windings ex- 

tftiirlwd ra/lially, tlie outer periphery corresponding to ilie 

W:k f:nd of the ilrum. The earliest sach winding is that 

•mUhI in '[fil'i. hy Pacinotti. This ifl a lap-winding 

iqp.citat. 
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ftilaptcd for a 2-poIe field, tlie N pole being behind the 
Ujijier part, the S pole behind the lower part in the cut. It 
will be noted that the outer end of each radial conductot is 
tanied round by a peripheral connecting piece to join the 
end of nuother radial conductor, which for a 2-poIe machine 
would U) the one lying next but one to that which is dia- 
metrically opi>osite. The schematic figure relates to a 10-part 
armature, made up of twenty radial conductors. They are 
numbered no that the order of connectiona may be traced. 
The diameter of commutation Iwing d A, tlie currents flow 
radially ifiwards in one lialf and radially outwards in the 




other hiiU' of this disk. The construction of Pacinotti'a 
ex[>erimental machines is descnlted in his original paper. 

Since then many suggestions have been made for windings 
of this description. 

A lap-winding, identical with Pacinotti'a, but adapted to a 
4-pole field, is depicted in Fig. 201 ; it is known as tiie Edison 
"new disk" winding. The disk-armatures of Hookbam's 
electricity meters are also la[»-wound. Uollman and Miiller 
have devised multipolar disks with wave-winding, 

Fig. 202 shows the connections of a disk armature designed by 
Miiller^ for a 4-pole machine in which the conductor p 
' U. S. Patent, 831136 of 1SS5. 
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in front of the different pairs of poles aj-e placed in series. 
The bi-ushes in this case are placed at 90° to eacb other. 

Disk-armatures have been revived by Desroziers aiid 
Fritsche. Desroziers emploja for a 6-pole machine the 
elaborate wave-winding shown in Pig. 203. A special study 
of tLiB class of winding has beeu made by Amoux.^ Fritsche 




Flo. 202.— 4-poLE Wate-Windino (MnXEK). 



employs polygonal poles, enabling bira to use, as conductonTn 
Btrips of metal built up in star-jwlygon fashion without any 
radial parts — a structural advantage. His disk, if developed 
out straight, would, fora4-pole machine, be adequately repre- 
sented by Fig. 189, p. 272. The two sets of conductors con- 
stitute two layers which are united at their outer ends to the 
bars of a commutator at the outer periphery. 

' See reference, p. 241. 




Vinding of Armatures- 

The main dif!iciilty in the employinent of disk-armatures I 
has been in the construction of an armature of this sort which 
is mechanically strong and capable of resisting wear and tear. 
Desroziei-s has done much to overcome this difficulty, and 
has produced machines which are veiy widely used in France 
and her colonies. He discerned that a disk-armature can be 
separated into two parts ; that is to say, taking the alternate i 
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radiating conductors (the odd numbers for example), it is 
possible to build them and their connectors into a regular 
figure iu one plane without troublesome over-crossings, and 
tlua plane of conductors can be superimposed upon a similar 
one built up of the otlier alternate conductoi-s, so that the 
of the connectors coincide and only i-equire to be soldered 
together to form a complete re-entriint winding. 
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TTiis -rill be TUuiemiMMi by crienwice qj F^s- 204. 205 ind 
3M. FT^ 'ilU ^aws ^tt isiDiiiiciiiis Ti}[iie(i in seiifs forming 
^kt: it.iUsk imacmg TtiiBinietiSjra'i-pole field, the cnirept 
ifowing inwards when 
jjiuiiiig one pole and 
ooCwanb when passing 
cfae next pole of opposite 
sgn. Id order to mount 
s aomber of these con- 
dootors in series, they 
and cbeir connectors may 
be taken in pairs and 
hiklf of them moanted in 
the wMnn*T shown in 
FI^- 205. in which the 
portion R « d A C will be 
recognized fmn Fig. 204. 
The other half nre 
moanted as in Fig. 206. 
where the portion R' ^ -i K ^ is a coccinDatioii of the series 
in Fig, 204. In each of these planes of cfMidnctoTs the 




Fi<«. 805 and 206.— Costmtrcnos of Desroziers' Disk Abmatcrk, 

■dH are brought out to the poiots^numbered 1. 2, 3, &c., 
to 32. By placing these two disks face to face, tlien 
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soldering up the coinciding ends and carrying those on the 
inside to the bai's of a commutator we have a complete 
armature winding. 

It is obvious tliat there are other ways of dividing up the 
series of conductors shown in Fig. 204 than the method 
adopted in Figs. 205 and 206. For instance, all parts similar 
to R c d, R' </ d\ &c., might be mounted to form one plane 
of conductors and the parts 
d h t^ d! }J t\ &c., would 
then form the other plane. 
In high voltage machines 
where a number of turns 
per segment are required, 
this can be done in the 
manner shown in Fig. 207, 
where the same letters are 
used to denote correspond- Fig. 207. 

ing parts. 

In practice there are two distinct methods of construction 
used : (1) wire-wound armatures ; and (2) strip-built arma- 
tures. The wire in the former is threaded through holes in 
two concentric compressed cardboard rings that form the 
outer and inner supports for each plane of conductors. The 
two planes are then mounted face to face on a metal spider, 
the arms of which, radiating from the shaft, pass between the 
two layers of conductors.^ Large machines of this type can 
be made which do not weigh more than 55 lbs. per horse- 
power. The efficiency is as high as that of good continuous- 
current machines of the ordinary type with cored armatures. 

1 For further particulars of these machiues see Electrical Engineer (N.Y.), 
XYi. 259. 
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CHAPTER Xin. 

PRACTICAL COXSTKUCTIOX OF ARMATUBES. 

Little has yet been said about the proper modes of secur- 
ing the armature-conductors, of insulating them, and of 
ventilating them. Most, though by no means the whole, of 
the present chapter, relates to continuous-current dynamos 
and motors ; but much of it is equally applicable to alterna- 
tors. Broadly, armatures having cores of iron may be 
grouped in two classes ; those which have surface windings 
supported on smooth cores, and those which have sunk fcind- 
inffs laid in slots or holes in the coi-es. 

Armature Cores. — Cores are always laminated, being con- 
structed either of (1) sheet-iron disks^ (2) iron ribbon^ or (3) 
iron wire. Ribbon is only used for discoidal armatures 
magnetized through the flanks. For drums and elongated 
rings disks stamped out from soft sheet iron, or from the best 
"mild steel," are almost universal. The usual thickness is 
from 1 to 2 mm. (i. e. from 40- to 80 mils), but some makers 
go down to 14 mils. They should be of brands showing the 
least hysteresis. After being stamped out they should l>e an- 
nealed, and the burr at the edges removed. At this stage, if 
the cores are smooth (not toothed) it is usual to assemble them 
upon the shaft, turn them down truly in the lathe, then take 
them apart and remove the burr by grinding lightly on an 
emery wheel, then remount them. Before being finally 
mounted on the shaft they must be lightly insulated one from 
the other. For this purpose it is usual either to cover one 
face of each core-disk with varnished paper, or to enamel both 
faces of each core-disk. Mica insulation here would be too 
expensive, and it is not necessary. It is usual to make the 

^o end core-disks of stronger iron, sometimes as much as 
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12 mm. or ^-inch thick. For diacoidal armutures tlie iron 

ribbon must be insulated with an interposed band of varnished 

paper. To stiffen a diseoidal armature-core it is usual to 

build it upon a foundation 

ring of soft iron, and this in 

some coses is constructed with 

a projecting central iron web, 

on either side of which iron / 

ribbon is coiled. An example 

is afforded by tlie core of the 

Victoria (Mordey) machine, 

Fig. 283, p. 418. 

For large machines the core-disks are built up in segmental 
portions to reduce cost. The cores are constructed, as shown 
in Fig. 208, of pieces whieli overlap in successive layers, 
each piece having eye-holes for bolts. 

Wire cores were at one time largely in vogue, having been 
used by Gramme. The soft iron wire, varnished or slightly 
oxidized on its surface, was wound on a special former, then 
removed, taped externally, and wound with the copper wire 
conductors. Wire cores have three disadvantages: (i.) they 
are mechanically less satisfactory than disk cores; (ii) they 
fill a given core^pace with an actually less nett cross-section 
of iron owing to the interstices between the separate wires, 
only about three-fourths of tlie total cross-section being occu- 
pied by iron ; and (iii.) they present a discontinuity radially 
which offers an unnecessary i-eluctanco in the path of the 
magnetic lines, Tlie substitution of a square iron wire for a 
round one, is an improvement in all these respects. 



Another mode of constructing wire cores was presented in the 
armature of the Biirgin machine, which originally consisted of 
several rings set side by sido on one spindle, these rings being 
made of iron wire wound upon a square frame, and carrying each 
four coils. Mr. Croinpton changed the square form to a hexagon 
having six coils upon it and increased the number of rings to ten. 
This form, however, proved to he in no way superior to an ordi- 
nary Gramme armature. 
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Toothed Caret. — Pacinotti's armature of 1864 (Fig. 211 
nraa a tootbed ring of solid iron supported on braas s[)ola 
lud having boxwood distance-pieces fixed to the teeth to lio!d 
3ie windings apart. Armatures built up of toothed core- 
9i&ks, consistently advocated by the author for the past twelve 
i, have been much used in recent time. They have four 
idvnntages over smooth armatures, (i.) The teeth presenlan 
Qtcellent means of driving the copper conductors which lie 
letween them; (ii.) the teeth may he brought very close to 
J polar surfaces of the fleld-inagnet, with very narrow 
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clearance, thus bettering the magnetic circuit and therefore 
reducing the amount of copper required to excite the magnetic 
flux; (iii.) the dmg comes almost entirely on the iron corea 
instead of on the copper conductors, as indicated in Fig. 210; 
(iv.) if the alota are deep the coiiductoi's are largely protected 
against eddy-currents. To set against these real advantages 
are the disadvantages of somewhat greater labor required in 
milling out the channels between the teeth of the assembled 
core ; the exti'a dilficulty of insulating the core from tlie con- 
ductors ; and the liability of the teeth to set up eddy-currents 
(see p. 93) in the polar faces. The latter can be cured by 
making the teeth numerous and narrow, also by laminating 
the polar faces with grooves, and by enlarging the cleantnce. 
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Or by finally serving tlie enliro armature outside the copper 
conductoi-s with a layer of iron wire. 
Tootheil firmatures were at one time much used by Messi'S. 

Patersou and Cooper; but English niakei-s genemlly have 




Fio. 211. — Pacinotti's 
Toothed Ring Arma- 
ture (18641. 




preferred smooth cores. In the United States, however, the 
smooth core is the exception and t!ie toothed core tlie rule. 
Fig. 212 shows the form of armature core used in the small 
Crocker-Wheeler motor (Fig. 341"). Tlie coreKlisks are made, 
for convenience uf winding, ni t\i o halves. 




k Flos. 213, 214, 215 



^^^Wraight teeth (like Fig. 211) and triangular teeth (like 

f Fig. 212) are. however, the exception. They are more usually 

[ T^haped, and with rather deep sloths between the teeth, rs 

indicated in Fig. 213. Sometimes tliey are preferred in the 



n 



Practical Construction of Armatures. 2S9 

fnrm of Fig. 214. which shows the slot as an ohlong perforation.! 
ihftuatTOW opening only at the periphery. Fig. 216 depict* 
.'iiiiin of Hrniiitiire coles and disks in the sliops of the 
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Weatinghouse CompftHv at Pittsbui:g, The coi-es with large 
T-sliaped teeth are for alteniatoi^ ; whilst the cores with 
numerous narrow teelh are for coutiiiuous-cun-ent djiimuos 
or motoi^. After the core-dUks have been ii&serubled 011 the 
shaft, the slots are very cai'cfuUj- filed out or i-eained out, to 
avoid projecting edges that might cut the insulation. The 
mode of drawing in the insulated conductors of drum-anua- 
tures is shown in Fig. 217. In the armature which i» being 
wired tlie slots are deep enough to admit of four cooductoiii 
one above the other : this being intended for a high voltage 
winding. Compare also Fig. 347. With X-*baped teeth it 
is not necessary to apply binding-wires externally, the con- 
ductors being secured by driving a long wooden key into liiie 
slot after the wires have Ijeen inserted. 

Pierced Core-di»k». — Tlie advantages offered by toothed 
core-disks are possessed to a still liiglier degree by core-dlskg 
pierced with armatures just within 
the periphery. Such were indepen- 
dently suggested by Parsons, hy 
Swinburne and by Brown. Wen- 
\ striim suggested slotted holes. In 
] such armatures the conductors are 
' carried in tubes of insulating 
material that pass through the 
perforations. This construction is 
eminently satisfactoiy fi-om the 
mechanical and magnetic point of 
view. One peculiar and valuable 
property of the pierced core-ilisks 
is, that they completely protect the embedded copper con- 
diictora, however massive, from panisitical eddy-currents 
wliich would otherwise be generated in them. The slots are 
often made oblong, as in Fig. 215, instca<l of circular. Tlie 
standard style of hole used by Brown is about 50 millimetres 
long by .20 millimetres broad. 

Driving -Spoiea and Spiders. — Armature cores are tisually 
built up upon an internal frame or skeleton pulley firmly 
keyed to the shaft. In small drum-armatures this internal 
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supporting frame may be omitted, the core-disks themselves 
being keyed directly on to the shaft. Some makers punch 
liexagonal holes in the core-disks and thread them on over a 
hexagonal shaft. 

Frequently the core-disks are held together by insulated 
Imlts passing through them, and driven by spiders keyed to 
the shaft, as in Fig 219. To this construction there ia the 
(ilijection tliat the bolt-holes reduce tlie effective cross-section 
of iron and stmngle the magnetic flux. It is also needful that 
the bolts should be insulated from the arms of the spiders by 
ebonite washers and bushes, otherwise the fr:uiieivnrk will 




■ constitute a closed circuit for eddy-currents which will heat 
it. A better mode is that used by Messi-s. Paterson & Cooper, 

\ Fig, 220, in which the section of the iron is but slightly 
reduced and the Ixilts are entirely internal to the coi*. 

' Another mode is to provide llie coi-e-disks with dovetail 
notches into which pass long flanges from the shaft. Mr. 
Cronipton, wlio introduced this construction in 18S6, also 
used a method of connecting with the driving shaft by three 
grooves in tlie hitter. In another form, a ribbed sleeve, which 
elips over the cylintlrical sliaf t, is driven by a long feather. It 
is less costly and et^ually mechanical. Another form has the 
four projecting flanges in one solid structure. 
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Kapp's mode of driviug the core-disks is showD in 
Fig 221, which should be compared with Plates I. and II. 
Over the shaft is slipped a long sleeve provided with liree 
projecting flanges to support the core-disks. This sleeve, 
which is prevented from slipping by a long feather slightly 
sunk into a key-way, has tlie advantage of stiffening the shaft. 
In armatures for ring-winding, thisintemal structure is of gun- 
metal ; in those for drum-winding, of cast-iron. It is pualied 
up towards a face-plate which rests against a shoulder on Urn 
shaft, and the core-disks are' tightened together between the 
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two face-plates by a nut on the shaft. Tlie lower figure shows 
the form of the strips of fibre used for insulating. 

Fig.s. 222 and 223 show Brown's modes of supporting ami 
driving core-disks. Fig. 223 corresponds with Plate VIl. 

In Fig 223, tlie spiders are two in number, each having 
four intemal web-spokes and wide end-flanges. They fit over 
the shaft, with feathers to prevent turning. One of them is 
held up against a shoulder on the shaft, and after the core- 
disks have been assembled, the other one is pressed up by ft 
laige hexagonal nut. It will be noticed that two of the wehs 
nil each Npider are riblied ; the core-disks being stamped with 



notcbea to prevent them turning. Of Uie four web^pokes 
two are long and two short, so that the core-disks may 
be compressed as the spiders are forced together. Many 
makers now use simikr anangeraents. 

In Fig. 222, which is more recent, round steel Veys are 
driven into grooves cut in tlie ends of the spider flanges, and 
in the coie-rings. 

The use of stout end-plates drawn together with screw 
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bolts to compress the core-disks la also illustmted in Brown's 
machine, built by the Oeilikon Co., Plate IV. 

Another arrangement, admirable for its strength, is .shown 
in Fig. 224. Upon the shaft are placed two gun-metal cones, 
with shallow feathers to prevent turning. In each cone are 
cut three slots at angles of 120", the bottoms of the slots also 
sloping cone-wise. Into these slots fit three bridge-like gun- 
metal flanges, with projecting lugs at their ends, to hold up 
r.Iie core-<Usk3. By screwing up a nut on the shaft tlie cones 
we pressed together, and thereby the three flange-spokes ore 
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forced outwards and support the core-disks at three points of 
their internal periphery. 

Another mode, shown in Plate X., is applicable to arma- 
tures of large diameter ; the core--plates have internal notches 
to receive the ribs of the driving-centre. 

It should not be forgotten that compressing stresses 
diminish the magnetic permeability of iron in the direction of 
the stress ; and that tensile stresses increases the permeability. 

Intulaiion of Iron Cores. — Mention has been made of the 
proper mode of insulating the core-disks internally from one 
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Fig. 224.— Immisch's Method op DamNO by Two Cones. 



another by interposing paper on enamel. At their peripheries 
they must be prevented from making metallic contacts witli 
one another. But beside this internal insulation, they must 
be protected very carefully from external contact with the 
copper conductoi-s. In the case of smooth cores it is usual to 
serve the completed core with one or two coats of enamel or 
japan, and then to cover it with a layer of some tough 
material 8uch|fts canvas, manilla-paper, or Willesden-paper, 
well vamisired with shellac varnish or with Scott's rubber 
varnish. Where tooth cores are used, channels of varnished 
Daper, or of paper with mica strips laid between, are inserted 
veen the teeth. In the case of cores for ring-winding, 
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particular care must be taken to insulate tlie inner periphery 
and the driving spokes, where the internal windings lie near 
them. 

Ventilation of Armatuns. — Armature cores lieat £i'om tliree 
causes : hysteresis ; eddy currents ; and heat deiived from the 
copper conductors. The careful lamination and insulation 
described above, are but means to prevent waste of power and 
to avoid risk of overheating, In the case of ring-wound 
machines there is usually an amount of surface exiMsed 
sufficient to get rid of the heat genei-ated in the conductors 
witliout resorting to any special mode of ventilating. But in 
the case of large and solidly constructed drum-armatures, 
some mode of forcing the ventilation may be necessary. In 
drum armatures with the old-fashioned wire-windings over- 
lapping the ends, adequate ventilation is impossible. As 
examples of ventilated cores the reader should see Kapp'a 
drum-armature, Plate II., Fig. 1, and Bi-own'a drum-armature, 
Plate VII. There are special ventilating ducts in the arma- 
ture of the large street-tramway generator, Plate X. 

In tlie case of drum-windings having end-connections built 
up, the arrangRments with one set of evolute spirals and one 
set of straight radial pieces (as in Fig, 177, p. 263) are some- 
times preferred to those with two sets of spirals as in Fig, 179, 
p. 264. as having a better fan action. Some makers use 
spiders with ai-nis sloped like the sails of a windmill, so as to 
propel air through the interior of the armature, ■ 

BorJaveing of Armatures.— \i is very needful tliat armatures 
should be properly balanced, otherwise tliey will set up in- 
jurious vibrations in running. Most niakere test their arma- 
tures for balance by laying the journals on two parallel metal 
rails (or "knife-edges") and noting whether the armature will 
remain in any position without tending to roll. It is well 
indeed to balance tliem thus on completing the core ready for 
winding, and again after winding. If the end core^disks have 
been made of thick iitm, holes can be drilled in these to 
restore perfect balance ; or leaden plugs can be inserted. 

It may be remarked tliat this mode of observing the 
statical balauce is not perfect; for if the masses that balance 
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around the axis are distributed unsymmetrically along the 
axis, there will be, when running, a tendency to vibration. 

DHving-Homs. — It is of primary importance that the 
armature conductors should be properly driven, otherwise 
they may be raked out of place by the tangential drag in the 
magnetic field (p. 99). In the case of ring- windings, such 
injurious action is less likely to occur than with drum-wind- 
ings, as the convolutions which thread through the interior of 
the core tend to bind, and press against the driving-spokes. 
But even here, it is found needful to provide positive driving 
at a number of points around the periphery. Crompton 
found it needful to drive boxwood wedges in between the core- 
disks. He then adopted a construction in which pieces of fibre 
are inserted at intervals for ventilation between the core- 
disks ; the gaps so left being convenient for the insertion of 
driving-horns between the wires. Kapp used projecting nar- 
row steel horns protected by pieces of hard fibre. Goolden 
used strips of hard white fibre inserted into shallow keywaj^ 
milled out of the surface of the core and held in by external 
binding-wires. For discoidal armatures the driving-horns must 
project at the flanks, being inserted between the core-ribbons. 

Binding- Wires. — In the case of smooth cores the con- 
ductors must be secured in their places by a number of 
external bands, known as binding^vires. These must be very 
strong, to resist centrifugal force and to hold the conductors 
from being .dmgged aside ; and yet at the same time must 
occupy very little radial depth, that the cleai-ance between 
conductor and pole-face may be as narrow as possible. The 
almost invariable practice is to employ a tinned wire, of hard- 
drawn brass or steel, which, after winding, can be sweated 
together with solder into a continuous band. It is impossible 
to give rules for the sizes of binding-wires. A frequent size 
for steel wire is 40 rails, or a little under 1 mm. diameter. 
The wire is wound on in bands of from 10 to 30 turns each, 
the separate bands being spaced out at distances of from 1 to 
2 inches apart. Under each belt of binding-wires a band of 
insulation must be laid. This usually consists of two layers ; 
first a strip of thin vulcanized fibre slightly wider than the 



band of wires, and then a strip of nitca, (in short pieces) of 
about equal width. Some mnkei's lay a sniall strap of tbiu 
brass under each band of bin ding- wires, having ends which 
can be turned over and soldered down to secure the two ends 
lof the wire from flying out. Tlie armature depicted in Fig. 225 
is a drum-armature, having six seta of bin ding- wires. As an 
example it may be stated that Mr. Esson recommends for a 
Bmootti drum-armature 10 inchett in diameter and 12 inches in 
length, six bands of 18-mil (i. e. No. 26 B. W. G.) wire, each 
band being about S inch wide, and containing about 33 turns ; 
the bands being, therefore, rather less than IJ inches apart, 
On a drum or ring 20 inches in diameter he would use 35-mil 
wirCi in bands'j inch wide, about 2 inches apart. 

In the standard multipolar dynamos of the General Electric 
Co. (see Fig. 292), phosphor-bronze bands are now used 
instead of binding-wires. 

In the following table are given the particulars of the 
bindings adopted in some of the smooth-core drum-armatures 
of the Edison standai'd bipolar dynamos. 



Output of dyuoiDO In Ulowatta 

ReTalaUonH per miiiate 

Leogth of armature body (inches) 
Diameter of armatare body . . 
Ko. of biudlug bauds ou body ..j 

No. of Btraada [q each band . . 
OaugaotbnwaUndins-wlreCB.W.a.). ' 
Wldtb of mica uodorlay O'Dl lacb tblck 
Number of clampa (of (ropper sheet. H 
mils tblck and [ to )-[iioh vide) onl 
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30 
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1000 


1300 
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13 


18 


81 
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32 


19 


ai 


3S 

1 

3 


23 
3 


31 

1 
i 



Winding Armatures. — Given a scheme of winding accord- ' 
ing to any of the modes discussed in Chapter XII., the 
problem remains how to cari-y it out in the factory. Ring- 
windings may be considered first, then drum-windings. A 
broad distinction may be set up betweeu wire-wound arma- 
tures and those with built-up windings cousisting of bars and 



connectors, or of epecially constructed portions tliat are put 
together instead of being wound on. Wire-wound armaturt^ 
are usual for outputs below 100 amperes, including all arc- 
lighting machines. Single round wire, insulated with double 
cotlon covering soaked afterwards with shellac varnish, is 
usually adopted for small machines and arc-lighting dynamos. 
Sillt-covere<l wire is mrely used. For small electroplating 
dynamos it is frequent to use several round wires in parallel, 
even to as many as twenty or thirty separate wires side by 
side. Wire-dmwera will furnish rectangular wire of any desired 
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eection ; but for greater flexibility in winding, a rectangular 
conductor made of three or four sepamta strips laid side by 
aide and then served with a coating of tape to hold them 
together, is preferable. It has the advantage of partially 
eliminating eddy-ciirrenta in the conductoi's themselves. 

For armatures having outputs exceeding 200 amperes bai> 
armatures are prefened, owing to the inflexible nature of 
wires that are thick enough to cariy tliese currents, 
two classes comprise several varieties as under : — 



WiRK- WOUND AaSIATUEES. 
Single round wire. 
Two or more round wires in imraJlel. 
Strandecl wire. 
Single square wire. 
Single rectangular wire, 
liaminated strip conductor. 



Bab- A rmatdbbs. 
Round bars. 
Rectangulnr bars. 
Imbricikt^d rectangiular t 
Rectangular baifi of compi 

stranded wire. 
SlHMTial forgings. 



For bar-arniRtures, rectaugular lisira set edgeways to llie 
core are more frequent than mund bars ; but ai matures in 
which solid bars are set on the outside of a smooth core are 
liable to a serious waste of work that does not occur with 
wire-wound armatures. When the conductors present a con- 
siderable breadth, eddy-currents are set up in tbem as they 
enter or leave the magnetic field, owing to the fact that one 
edge of the bar may be passing through a field the density of 
xvhich is very different from that of the field through which 
the other edge of the same bar is passing. Assuming a 
peripheral speed of 1700 to 1800 feet per second, it is fouud 
iu practice impossible by any shaping of the pole comers to 
avoid excessive heating of solid copper bars oii the amiature 
if their breadth exceeds 5 mm. The work wasted in produc- 
ing these eddy-currents may even reduce the efficiency of the 
dynaiDO by more than 5 per cent. This does not, however, 
occur in those armatures in wliich the bars are sunk deeply 
between teeth, or pass through holes in the core-disks. To 
i-educe sucli losses, biira are made of several strips oxidized on 
the surface, or lightly insulated by oiling or enamelling, and 
uniting only at their ends, have been used. Crompton ' has 
proposed several modes of twisting or imbricating around one 
another two or more strips, so as more effectually to neutralize 
llie eddj'-cuiTents. Moie recently lie and other makers have 
used bars made of stranded copper wire compressed into a 
rectangular form, each wire being oxidized or slightly insu- 
lated. 

Yet another mode of armature construction, described 
Uter, consists in winding the insulated wires or strips upon 
special formers or moulds, in groups which are afterwards laid 
on or around the armature core. One advantage iu such 
methods is the greater ease of securing perfect insulation 
between those parts of the windings which differ greatly 
from one another in potential. In drum-windings, if the 
conductors lie in one layer, there is an extreme difference of 
potential between each conductor and its next neighbor 
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240, 1 




300 Dynamo- Electric Machinery. 

Wliereaii if they lie in two layers, an intermediate sheet of 
iiitiuliiting material can be laid between. A two-layer winding 
is extremely convenient in drum-armatures, as it facilitates 
connections. 

Wire-wound armatures are usually well served with shellac 
varnish or india-rubber solution after the winding is completed. 
They should be well dried in a stove at steam-heat after 
varnishing. 

Model of Winding Ritig-Coret. — When a smooth ring-core 
is to be wound it is fi-equent to stencil upon the end faces a 
number of radial lines corresponding in breadth to the 





separate sections, so as to guide the winder in his work. 
With toothed cores no such plan is needed. 

Ring-winding is, in general, easy ; nevertheless care must 
be exercised. The separate " sections " of the coil are almost 
invariably wound on the cores sepai'ately, leaving the enda 
piojecting, secured temporarily with string, and these ends 
are subsequently coiniected together and to the commutator. 
An inexperienced workman may easily connect up wrongly; 
making a left-handed winding instead of a right-haiulod one 
or vice verad. Hence it is well to provide him with some such 
working drawing as Fig. 226, which relates to a right-handed 
winding having four turns in each section. The wire marked 
** o " is the last or outer end of the section previous to that 
considered. This end will eventually be brought down to a 
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bar a of the commutator, and from this bar ^ill go out the 
beginmiig or left-bottom end, marked L B, of the section in 
question. Looking at this diagram the winder will see that 
the wire L B must piiss under the core to the far end and 
then return over the top. thus making turn No. 1. It will 
then bend down to the right, be threaded tlirough again, and 
make turn No. 2 ; i^ain, and make turn No. 3; but as the 
inner space Is narrower than the outer apace, turn No. 4 will 
probably have to ride on, or partly bed between, the turns 
already wound. The rightrtop end, marked It T, will 
eventually be joined to bar b of the commutator. If the 
winder is shown that the rightrtop wire of one section joins 
the leftrbottom turn of the next section at the commutator, 
he will have no excuse for mistakes. One way of arranging 
the windings on a ring, with two layers internally and one 
externally, is shown in Fig. 227. The winding of multipolar 
lings is sufficiently considered in the previous chapter. 

For arc-lighting armatures, and in geneml those which 
have numerous convolutions of wire to each section, it is con- 
venient to prepare the wire in separate lengths sufficient for 
each section, and to coil each length on small shuttles, each 
length being wound upon two shuttles which are alteniatety 
used for successive layera. By this device both ends of the 
wire that constitutes a section are brought to the outside 
instead of one of them leading directly down to the bottom 
layer, as in ordinary bobbin winding. 

YoT those machines that only require one, or two, complete 
turns to each section, it is common to have the copper con- 
ductors prepared beforehand upon separate formers, and 
ready taped to be slipped on over the cores. Crompton 
introduced the forms illustrated in Fig. 228, consisting of 
drawn copper of nearly rectangular section twisted at the ends 
so as to pack closely in the interior of the ring. These con- 
duetois are sprung on over the ring-core, and afterwards 
are coupled up so as to make a continuous winding. 

In the large multipolar ring dynamos with internal field- 
magnet and external commutator, now so much used for central 
stations in Germany, the windings are so consti-ucted that 
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their outer part serves also as commutator, as in Plate VIII. 
The armature consists of core-rings built up of segmental plates 
shown in section at 6, Fig. 229, supported by driving-rods a 
which pass through them. After being covered with suitable 
insulation, the copper conductors c d are slipped on over them 
and coupled up to make a continuous spiral winding. The 
insulation between is usually a preparation of paper. The 
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Fig. 228.— -WiNDiNas of Crompton's ABMATUitES (188C) 

outer part d of the copper conductor is made both deep and 
broad, and serves as a commutator bar. The brushes (not 
shown) are fixed upon the projecting bar ^ and trail on the 
outer periphery of the copper windings of the ring. At/ is a 
lever for raising the brushes out of contact. 
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Fig. 229.— Construction of German Multipolar 

RiNo- Armature. 

Drum-Windifig, — Drum-armatures of all types may all be 
regarded as modifications of Siemens' well-known longitudinal 
shuttle-form armature of 1856, a multiplicitj' of sections of the 
coils being employed to afford continuity of the currents. 
The drum pattern was invented in 1872 by von Hefner 
Alteneck, of the firm of Siemens and Halske, of Berlin. In 
this system, as in the Gramme ring, the successive " sections " 
or groups of coils that are wound on the core, are connected 
together continuously, the end of one section and the 



beginning of the next being both united to one segment of the 
commutator. It is important to note a difference between 
drum and ring-winding. In a ring-winding the volts induced 
ill any one section (at a given speed) depend only on the 
magnetic field at one side of the arntatui-e ; but in a drum- 
winding the volts induced in any one section depend on the 
two magnetic fields at tlie two sides, since each winding wiaps 
over the dmm nearly diametrically. As a result, drum-wound 
armatures are less liable to spark, and they suffer less than 
ring-wound armatui'es from inductive reactions. 

The advantages of the drum form of ainiature appear to 
be (1) ttiat they require less wire than the ring-armature of 
cqu.ii size ; (2) are free from liability to false inductions 
(p. 68), and therefore more independent of the foi-m of the 
pole-pieces ; (_3) have smaller ci-oss-niagnetizing tendency 
than ring-armatures. Their disadvantages liitherto liave 
been : (1) greater difficulty of construction ; (2) greater 
difficulty of securing proper insulation on account of over 
wrapping of end conductore ; (3) greater difficulty of ventila- 
tion ; (4) greater difficulty of executing repairs. 

Siemens' Winding, — In some of the earlier patterns of 
Siemens' machines the cores of the drum were of wood, 
spun with iron wire circumferentially before receiving the 
longitudinal winding. In another of tlieir machines tliere 
was a stationaiy iron core, outside which the hollow drum 
revolved; in other machines, again, there was no iron in the 
armature beyond the driving-spindle. The process of con- 
structing the armature employed down to the yeai' 1885 
illustrated in Fig. 280 ; there being two layeis of coils all over 
the drum. Although, for the sake of rendering the connections 
more intelligible, the commutator is shown in Fig. 230 in its 
place on the axle, it is not, as a matter of fact, put into its 
place until after all the sections have been wound, the end o£ 
the wires being temporarily twisted together until all can be 
soldered to the connecting strips of copper. 

So far all is simple, but when we pass on to the construction' 
of barormatures, new complications arise- 
To connect the conductors of a bar-ai-mature across the 
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ends of a dram ia not so simple n matter as might at flnit 
Hppear. Suppose that a scheme of connections has all beeit 
worked out beforehand and tliat a winding-table has beei 
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prepared in which the order of the end-connections is sal 
down. It yet remains to determine the mechanical devices 
for the end-connectors which shall be compatible willi 
working conditions. The e mi- 
connectors must be good con- 
ductor, HufGciently well insulat- 
ed from one another, allowing of 
repaii-s and ventilation, and me- 
chanically sound. Wire-woHud 
driimB oft«n present an ugly over- 
wrai>ping at the ends, which stops 
ventilation and hinders repairs. 
Quite early, Messrs, Siemens 
devised, for their electi-opliitinf; 
machines, a system of uniting by 
spinil connectoiB (fig- 231) ihf 
ends of the copper burs. To connect any bar with that 
lying next to the one diametrictUly opposite, two evolute 
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spiral strips o£ copper were applied, one bending inwardly, the 
oilier outwardly, their junction l>eing mechanically secured to 
a block of wood on the shaft. Their outer ends were attached 
to the hai-9 by silver solder. At each end of the drum these 
spiral connectors constituted two separate layere. These 
systems of evolutc spirals, with more or less modification, are 
to be found in the majority of recent dnira-armatures. A 
common foi-m of conductor cut from sheet copper is illusti-ated 
ia Fig. 232 ; a second form is made of strip folded. 

Edison's modification of the dmm-armature was alluded to 
on J), 200. It was manufactured under a royalty fiom the 
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Siemens patents until the expiry of the latter. In Edison's 
laiger dynamos of the years 1883 to 1885, the armature n-iis con- 
structed of solid bars of copper, arranged around tlie periphery 
of a core consisting of thin iron disks separated by mica or 
paper. Fig. 233 shows tlie armature removed from the 
machine. The ends of the bars are connected across by 
washers or disks of copper, insulated from each other, and 
having projecting lugs, to which the copper bara are attached. 
Tlie construction was mechanically excellent, but it did not 
Hdmit of ventilation ; and the stray field at the ends of the 
armature set up eddy-cuiTents in the sulutance of the copper 
disks. It was abandoned in favor of better methods. 
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In the Hopkinson armatures built by Matber and Platl, 
a return was made to tlie system of evokite conductors. The 
conati'Uctioii, ns carried out for a macliine in which there is 
one convolution in each section of tlie winding is indicated in 
Fig. 234. 




Fio. 233.— Abhattbe op Edisod DrxAuo. ^H 

The core, which is huUt against a shoulder ou the shaftf., 
consists of numerous disks of thin iron, but with a few thicker 
core^isks <^, (2, interposed at the ends and itt intervals betweeu. 
These are clamped up by nuts at the end near the commutator 
C. The conductors of copper are provided \vitli chiving logs 
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Fii). 234.— Section of Hopkinstjn's DBCM-AiotiTUBK. 

8, «, which, propei'ly insulated, pi'oject into notches cut in t 
thick core disk. The systems of spiral connectors are shown 
in section at y 9. At the commutator end they join the con- 
ductors down to a set of copper pieces n, wliich run to ) 
corresponding bars of tbe commutator. At the other c 
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the spirals are inserted into a set of copper pieces 6 assembled 
aroiJnd a, wooden hub A by which they are driven, being 
screwed in through end lugs. For aimatui-es in wbieli eacli 
section consists of two convolutions, it is necessary to provide 
four layers of spiral connectors at each end. 

Many successive modes of drum connection have been 
tried by Mr. Cromptoii. In conjunction with Mr. Swinburne 
he devised a method of connecting the conductors of a drum- 
armature which enables the core to be ventilated. The 
fundamental point in tliis construction Wiia illustiated in the 
former edition of this work, and consisted in the use of 
cranked ends to the bais, together with spiral evolute con- 
nectors to join across diameters at the ends. The same 
metbod of connecting was applied to Swinburne's plan of 
chord winding (p. 246). 

The difficulty of getting at the inner spirals when tliey are 
disposed in two layers led to another suggestion by Crompton 
and Kyle, namely, turn the spiral conriectora outward instead 
of inward, at the ends of the drum, winch thus becomes 
enlarged in diameter. 

The recent modes used by Crompton for drum-armatures 
are sketched in Figs. 235 and 236. 

In the first of these, which is for a 2-pole dynamo, the 
spiral connectors, stamjjed out of sheet copper, are driven by 
mechanical attachment to a clamping sleeve keyed to the shaft. 
In the second, which is for a 4-pole machine, the spiml con- 
nectors, being shorter, do not require to be similarly tongued. 
Tlie conductors or aimature bars are made of stranded wire 
compressed to rectangular section. 

A recent armature built by the Oerlikon Company is shown 
in Fig. 237. It belongs to the 60-kilowatt machine described 
on p. 415, and is a good example of a 4-pore drum with evolute 
connectors. The core-diska have straight teeth between 
which the conductors lie iu pairs side by side. 

A method based on that of Paris and Scott is used by 
Kapp both for bipolar and multipolar drums. The connectors 
are stamped out from thin sheet copper in the form of semi- 
circular or quadrantal aics, provided with lugs (as shown on 
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Plate n. Fig. 2) which can be bent, one forward, one back- 
ward, thug enabling connectiona to be made by a whole series 
of Buch connectors arranged skew-wise, with suitable insulation 



Flo. 237.— 4-poi^ Drum-Ahmatcke of Oerukon Co. 

between, in a carriage or bobbin mounted on the shaft. The 
connectors are assembled together to the proper number, and 
held in with binding wires in the channel of this carriage. 
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Fio. 333.— Separate Section- of Eickeme\-ek's Armattke. 

which is then put in place, and the luga are soldered into 
grooves cut in the ends of the armature conductors, which for 
tliia purpose are made alternately long and short at their ends. 
The best way to understand this method in to make a few 



model connectors in paper or canlboivrd, and lay them over 
one another. 

Eickemeyer's methods of construction, which have been 
largely used in the States, and also in England by Mr. Parker, 
are distinctive in that the individual " sections " of the winding, 
whether consisting of one siligle turn, or of a large number of 
turns of small wii-e, is fiist shaped upon a separate former, and 
each such section is separately insulated. Afterwards tlie 
sections are assembled in their places upon the core of the 
drum. Fig. 238 aho\v8 one of the forms given to the sectious. 
The lower part will form part of an inner layer, and the upper 
part, which is longer, will form part of an outer layer in tlie 




FiQ, 939.— Eickemeyer's Armature. CXjmplete. 



assembled windings. The completed armature, with its 
binding wires, is shown in Fig. 239. 

The cylindrical pattern of drum-armature adopted by 
Brown is shown in Fig. 240, and in detail in Plate VII. 

The conductors (in holes through Uie core disks) lie in two 
layere, and the end-connections are made without evolutes or 
any otlier parts that would cover up the end-faces of the 
drum. The conductors being extended and bent, the outer 
layer to left, the inner to right, thus continue tlie cylindrical 
surface, which projects at both ends beyond the core. It has 
the advantage of a good ventilation and accessibility. In Plate 
VII. it will be seen that these projecting cylindncal ends ate 
Bu^jported by an internal flange attached to the stout end 
core-phites. This mode of connection has been used by Brown 
since tlio beginning of 1892 for drums, and is also adopted for 
wuk windings iu altemate-cuirent generators and in the 
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rotating parts of all alteinate-current motors, both single and 
polyphase, that have windings upon them. It has since been 
adopted by both the Weatingbouse Co. and by the General 
Electric Co. The Allgemeine Co., of Berlin, usesast 




FiQ. 240— Ctuiidrical Wound Dri."m-.\rmatube (4-pole) (Bbowtj), 

similar plan of end-connections, but the sunk conductors lie in 
one layer only. A very similar mode of winding was patented 
by Hon. C. A. Parsons, But the arrangement with one layer 
is less convenient as it requires that alternate conductoi's 
should bend under the othere, since there mu^t be two layers 
of connecting-pieces sloping in opposite ways. 
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CHAPTER XIV. 

COBOIUTATORS, BRUSHES AND BBUSH-HOLDEBS. 

Dynamos for furnishing continuous currents require a 
commutator (sometimes called a collector) and brushes to col- 
lect the current. The essential action of these Organs has 
been already described (see pp. 78 and 80) ; and the causes 
that give rise to sparks are discussed in Chapter IV., p. 81, 
and in Chapter XVI. We have now to consider the design 
and construction of these organs. 

We may distinguish three types of apparatus for collecting 
the currents from dynamo machines. 

I. Continuous-current dynamos with closed coil armatures 
as used for incandescent lighting and other work requiring a 
constant or nearly constant potential, are furnished with a 
commutator of the Pacinotti type, that is to say, consisting of 
a considerable number of parallel bars secured around an 
insulating hub, and presenting a cylindrical surface, against 
which press a pair (or in some cases more than one pair) of 
brushes or sets of brushes. 

II. Continuous-current dynamos of the open coil type, as 
used for arc lighting, and giving a constant or nearly constant 
current, are provided with a commutator consisting of a com- 
paratively small number of segments, each covering a con- 
siderable angle, and separated by air-gaps from one another. 
These are described in Chapter XVIII. 

III. Alternators with revolving aiinatures need a pair of 
collecting rings of metal, each provided with one or moi*e 
brushes, or some analogous device to form a sliding connection 

■'ith the circuit. Alternators with revolving field-magnets of 
ich the winding also revolves, need a similar device to con- 
' the exciting current to the moving coils. These devices are 
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considered at the end of tlie present chapter, which is in tlie 
main devoted to apparatus of the first of the three classes 
enumerated. 

Commutator Ban. — The number of bars of the com- 
mutator depends on the scheme of winding and on the 
number of sections in which the armature winding ia grouped. 
Increasing the number of bars diminishes the tendency to 
spark (p. 83) ; and lessens the fluctuations of the current 
(p, 178). An even number of bai-s ia preferable to an odd 
number ; and for ring-wound armatures the cores of which 
are usually carried on three-armed spiders, it is preferable tiiat 
the number of bars should be a multiple of three. There are, 
however, two practical reasons against making the number of 
bars veiy great. Increasing the number increases the cost. 
Again, in large machines having but one turn of the armur 
ture winding fjom each bar of the armature to the next, the 
number cannot be greatly increased without exceeding the 
voltage desired. For example, in a bipolar Edison- Ilopkinson 
machine for an output of 1100 amperes at 105 volts, only 43 
convolutions are required. On the other hand, it is found for 
small dynamos, that if the number of bars is increased, each 
bar becomes so thin tliat a brush of the proper thickness to 
collect the current would bridge more than two commutator 
bars at once. Again the bars should be of a length pro- 
portioned to the number of amperes that is to be taken off 
at them. Modern practice varies somewhat, but it may be 
fairly represented by some such figure as 1-2 indies for every 
100 amperes. The mode of attachment of the bara should be 
such as to make the greatest amount of length available. 
They sliould also be of considerable radial depth, to allow for 
wear, as tlie commutator needs to be turned down from time 
to time to preserve cylindricity. As for the material, most 
makers use hard-drawn co[]per, made in long lengths of the 
proper section, and cut off to the length required. Some 
American makers use di-op-forgings of copper, stamped to 
shape with projections for clamping and connecting to the 
windings. Commutators to be used with carbon bruslies 
need to be made from IJ- to 2 times as large as they need be 
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if copper bi'ushes are used, for tlie carbon brushes require to 
touch over a larger amouut of surface (for the same current), 
but ought not, except in the special cases of duplex and tri- 
plex armatures (p. 272), to touch more than two commutator 
segments at one time. 

Inaiihtion. — It is needful to have a good insulation 
between each bar and its neighbours, and a specially good 
insulation between the bars and the sleeve or hub around 
which they are mounted, and also between the bars and the 
clampiug devices that- hold them; for the difference of 
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Fio. 241.— Sectios of Comkutator (Patkrson and Cooper). 



]ioteiitial is small l^tween neigliboring bars, and much 
larger between the biii-s and otiier metal-work. The 
insulating material must not absorb oil or moisture : hence 
asbestos and plaster are inadmissible. Vulcanized fibre and 
Willesden paper are not by themselves adequate, thougli 
mechanically strong, as they are both liable to absorb moistui-e. 
Mica is the one satisfactory material used by English and 
American makers ; but in Germany a preparation of paper 
is frequently substituted. Wasliera of conical form are some- 
times built up of thin pieces of mica held together by shellac 
And consolidated while hot under great pressure. Between 



the bars mica may be used very thin with advantage. 
Commutatoi's with air-gaps between the bare have heen used. 
But with aii^iusulation there is some trouble in keeping the 
gaps from being filled by metallic dust from the wearing of 
the brush eii. 

Oonatructton of Commutators. — In the construction shown 
in Fig. 241, the bars are clamped in place by fitting at one 
end into a groove in a gun-metal sleeve, and at the other liy 
an extenial clamping ring which is forced over their bevelled 
ends by a large sci-ew-waaher. Tlie insulation is carried out 
by thin slips of mica between tlie bai-s, and layers of mica and 
vulcanized fibre around the sleeve and clamping surfaces. 
The clamping ring in this case reduces the available surface 
for the brushes. 

In the Giilcher Co.'s machines a construction is adopted 
which is illustrated by Figs. 242 and 243, and of which a 
section is given in Fig. 244. The di-awings relate to a four- 
pole machine with only two sets of collecting brushes. Herei 
also the bars of the commutator are assembled around a 
sleeve fixed on the shaft, but are so arranged that their whole 
length is available for contact with the brushes ; being held 
in positlonat their ends, with insulation between the V-shaped 
nicks in the bars and the clamping pieces which enter them. 

A very similar arrangement obtains in Kapp's dynamo 
(Fig. 1, Plate II.), in which the clamping nicks in the ends 
of the bare are made deep ; the end insulation being eEEected 
by three rings of vulcanized fibre, one flat, the other two 
conical, which fit into the ends of the assembled bars. It is 
good that a sufficient length of insulating surface should exist 
between the bars and the metal mountings, for there is less 
likelihood of a fault occurring if the possible leakage-path 
over the surface is a long path, than if it is short. 

In building commutatoi's it is usual to assemble the bars 
to the proper number, with the interposed pieces of mica, 
clamping them temporarily arortnd the outside with a strong 
iron clamp, or forcing them into an external steel ring by 
hydraulic pressure. They are then put into the lath and the 
interior cylindrical surface is boi-ed out. Then the ends are 
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turned up, with tlio annolar hollows to receive the clamping- 
pieces. The whole is then mounted, with proper insulation, 
upon the sleeve, and the end clamping-pieces are screwed up. 
It is then heated in a stove, and the end clamping-pieces are 
further tightened up. Lastly tlie temporary external clamps 
or rings are removed and the external surface is turned up 
true. The sleeve should be properly keyed or otherwise 
secured to the shaft, that there may be no slip between it 
and the armature to which it is afterward connected- Con- 
nection is made with the armature conductors by means of 
radial strips or wires of copper, ivhich are inserted into a cut 




sawn in the corner of each bar, and firmly held there. A 
good mode is to rivet the strip connectoi's into the corners of 
the bars before they are assembled, each riveted joint being 
also sweated in with solder. Fig. 245 shows a simple mode 
of doing this ; while Fig. 246 shows commutator bai-s formed 
with a lug to receive the rivet r. In this example the nick A 
is to prevent the brushes from being set too near to the radial 
strips. 

It is important that these connecting strips should be 
properly attached, since they are subjected to considerable 
mechanical forces. Twice in each revolution each such strip 
carries a strong current; and, owing to the existence of a 
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stray magiietio field, is consequently racked toward oue 
aide. Befora this was understood it gave riee to fre<]ut.-iil 
accideutjj. 

In some large recent machines there is no separate com- 
mutator ; the brushes trailing against some part of the copper 
conductors of the armature winding themselves. This is ttie 
case with the great Siemens dynamos at Berlin (Plate VIII., 
and Fig. 229, p. 302). 




Bruthen. — The kind of bnish most frequently used for 
receiving the currents from the collector, consists of woven 
copi>er wire gauze folded on itself and compressed as shown 
in Fig. 247. c. It was introduced about twelve years ago 
by Mr. A. P. Ti-otter, In order to prevent fraying at the edge 
it is usual to fold tlie gauze obliquely, as iti Fig, 247, /. 
Sometimes the core of this gauze is made of exceedingly fine 
copper wires either straight or in soft plaited strands. The 
earliest sort of brush used consisted of a quantity of straight 
copper wires laid side by side, soldered together at one end, 
and held in a suitable clamp. Two layei-s of wires were often 
thus united in a single brush, as shown in Fig. 247 a. The 
object of all these devices was to secure a contact at a lu 
number of points. 

Brushes are also luade of broad strips of springy ( 
slit for a short distance so as to touch at several poin* 
Fig. 247, h. Such are used in tlie Brush and Thomson-Houston 
arc-light dynamos. This kind of brush is usually set tan- 
gentially to the surface of the commutator, not sloping to itij 
an angle as is the case with the thicker kinds of brushes. 
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Edison has used as brushes a number of copper strips 
placed edgeways to tlie collector, and soldered flat against 
one another at the end furthest from the collector. Fig. 247, c. 
In some machines, a compoiiud brush made up alternately of 
layers of wire, like Fig. "247, a, aud spUtstrips of copper, like 
Fig. 247, e, has been adopted. 

Other makers have used a number of veiy thin copper 
strips laid over one another an in Fig. 247 d, held together in 
a suitable clamp. 

Rotating brushes in the form of metal rollers or disks 
have been repeatedly tried, but are uot successful. 




Fia. 347.— Different Kinds op Brcshbb. 

It was suggested^ by Professor G. Forbes to replace the 
brush by a shib of fine-grained and good conducting carbon. 
Carbon brushes are indeed used now frequently, both for 
dynamos and for motors. It is usual to provide a cross- 
sectioa of about 1 square inch for each 50 amperes: but a 
really good conducting carbon will carry double this. They 
wear the commutator less than copper brushes, and facilitate 
sparkless collection : but they are more liable to heat, and 
need larger commutators. 

' specification ot Pal^nl I28S ul 1865. 
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It is osoal, isK all bat the Terj smmllest madunes, to place 
at least two brashes side beside (as in Fig. 250, p. 323), instead 
of one broad brush. This allows of either brosh being remoyed 
for trimming and replaced while the machine is running. It 
also tends to equalize the wear of the commutator, each 
brash being separately pressed against the surface ; and the gap 
between two brashes can be coTered bj a brush at the other side. 
No rale can be giTen for the number or In^eadth of brashes 
that will apply to all cases. Some makers reckon an additional 
inch breadth of brash from each hundred amperes of output. 
Kor is it easy to giTe a general rule for the thickness of brushes. 

A thickness that will bridge 
the film of insulation between 
bar and bar is not sufficient, 
for each section of the winding 
requires to be short-circuited 
for a certain brief time, in 
order that the current in it may 
be reversed. The minimum 
thickness of brush (or breadth 
of its oblique end} seems to 
be about 1| times the thick- 



ness of the commutator bar. 
Tliere is no objection to a 
greater thickness in those 
dynamos that have a large 
neutral zone about the neutral 
point ; or in which the curve of induction (Fig. 66, p. 78) has 
a broad flat top. But when a brush of great thickness is used 
another effect arises, namely, a waste in heating owing to the 
difference of potential between the parts of the commutator 
respectively in contact with the advance edge and hinder edge 
of the brush. To reduce this effect it has been proposed to 
use two thin brushes, one in front of the other, instead of 
single thick one, with a certain amount of resistance 

ween them. 

?or armatures with duplex and triplex windings (p. 272) 

lader brushes must necessarily be used. 




Fio. 248.— Variocs CoLLBcrnyo 
Brushes. 
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The angle at which brushes are set to bear upon the 
commutator varies with the construction. As a rule the 
bi-ush is set sloping at an angle, the tip of the brush being 
raked in the direction of the rotation, so that it may not trip 
on the edges of the commutator-bars. In Fig. 248, a, is shown 
the case of a brush such as Fig, 247, h, set tangentially, as in 
ai'c-liglit machines. In Fig. 248, ft, is a thick brush with 
bevelled end set at about 45°, as in most constant-voltage 
dynamos. Fig. 248, e, shows a foi-m of brush devised by 
\ Holroyd Smith tor use in motors, permitting of reversal of 




Fio. 249.— Cahbon Brush-holder (Sneix). 



direction. Blocks of copper or gun-metal are attached to 
level's furnished with rubber bands to afford contact-pressiu'e. 
In Fig. 248, d, is shown a carbon brush also adapteil for use in 
leTereing motoi-s; the brush, a rectangular block of carbon, 
being pressed mdially through a metal slide against the 
commutator. 

In many cases where carbon brushes are used they are set 
to rake in a direction opposite to the rotation, so that the end- 
pressure may be greater when running. Fig. 249 ilhistrales 
a carbon brush-holder for use in mining motow. 
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piojectiDgtail. The brush B passes throughaslot in A, beiug 
clamped by a screw C. The current is biought to the biiish- 
bolders by flexible conductors, which are soldered into sockets 
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provided for the purpose. The brush is pressed forward by a 
compressed spiral spring, the force of which can be regulated 
by a screw through the projecting tail of D ; whilst it can be 
held off by means of the catch K, which can be pulled back 
and slipped into a cleft on the end of D. In Fig. 243, p. 316, 
which depicts the similar mechanism of the Gtilcher dynamo, 
one of the hold-off catches is caught in the cleft. 

The rocker and brush holders of the Kapp 2-pole dynamo 
are shown in detail in Plate III. Here the mode of insulating 




is the same, but the current is led into a thick washer 6 : the 
contract-pressure is produced by an extended spiral spring 
stretched betneeii a lug on the holder A and the fixed tail D ; 
and the hold-off catch K is constituted by a straight spring 
which engages iu a notch on the comer of A and is released 
by pressing up the piece Q, which is made of bard fibre. P is 
a pointer for setting the brushes to the right position in the 
holder. 

A detect in the method of insulating by means of a bush 
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upon the brush-holder i-od, is ita liability to permit the rod to 
turn. A more solid construction is that of Fig. 251, in which 
the flattened end of the holder-md H is clamped to an 
expansion of the rocker K by means of two conical bolts A ; 
insulation being secured by an intei-posed layer L, and two 
conical bushes C of ebonite or fibre, 

An excellent form of brush-holder, which permits the 
brushes to be fed forward longitudinally by a screw motion 
as required, has been devised by Messi-s. Goolden & Co., and 
has a cam-motion for holding off. 

Various inventors have tried to simplify the construction ; 
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amongst them. Parsons has proposed to substitute weights 
for springs to give the requisite pressure. 

A very simple and effective form of brush-holder, intro- 
duced by Siemens and Halske, is used largely in Germany. 
In this form. Pig. 2.52, the clamp wliich holds the brush is 
set on the end of a curved support made of several thick- 
nesses of springy sheet brass. This is simply clamped to the 
holder-rod by a clamp screw which admits of the holder being 
shifted along the I'od, or of being turned to give greater or 
less pressure. The tool is used for any of the required adjust- 
ments. These brushes are used with the large multipolar 
dynamos, such as that figured in Plate VIII., in which the 
second figure shows the star-shaped rocker which carries the 
brush-holders. 
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CHAPTER XV. 



MECHANICAL POINTS IN DE8IQN AND CONSTEITCTIOII, 



In Chapter XIII. are considered the mechanical modes of 
transmitting the power from the shaft to the armature con- 
ductors and vice versd. The design of dynamo shafts, journals, 
bearings, pedestals and pulleys is a matter equally requiring 
a knowledge of mechanical principles and pi-actice. Such 
standard worka as Unwin's Machine Dextgn should be followed. 
Nevertheless there are some points in which the ordinary 
engineering rules cease to be entirely applicable ; and it is 
because of this circumstance that it seema desirable to giva 
the information embodied in the present chapter. 

Pressure on Beanngs. — In addition to the ordinary 
pressures on bearings, due to weight of the shaft and its 
attachments, and to the lateral drag of the driving-belt, there 
is in dynamo-machines a third cause producing pressure, 
namely the actual magnetic pull which the field-magnets 
exert on the armature core. This is notably great in tlie 
case of dynamos having a single magnetic circuit. An 
example in which the field-magnet tends to lift the amiatura 
is afforded by those machines, such as the Edison-Hopkinson, 
Fig. 287, p. 422, in which the magnet stands over the arma- 
ture ; whilst contrary examples are furnished by machines 
in which the armature is above the field-magnets, as in the 
Kapp dynamo, Plate I. and Fig. 259. If the armature is 
perfectly centred there will always be a tendency to drag it 
in such a way as to make the entire magnetic circuit more 
compact. This can be partially obviated by placing it 
eccentrically, slightly below the centre of the bored polar 
facee in machines of the under-type, and slightly above the 
centre in the over-type. In Kapp's machine the downward 
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machine deslgu. It is usually assumed that journals are 
tuadti larger for higher speeds, because of the necessity o£ 
getting rid, by the greater cooling surface, of the heat gener- 
ated at tiie higher speed. But it is known that this assump- 
tion leads to the rule 

l = V n^ ?l 

where I is length in inches; F the force (in lbs.) oti the 
bearing ; n the number of revolutions per minute ; and ji a 
constant which, according to various authorities, may varj- 
between 66,000 and 1,000,000. With such a variation, the 
rule is almost useless as a guide to design ; moreover it takes 
no account of the diameter of the journal. In all good engi- 
neering practice the ratio between the diameter and length of 
a journal beara a relation to the speed. For slow speeds, 
such as 100 revolutions per minute, tlie length need be no 
greater than one diameter ; whereas for speeds of 1000 and 
upwards the length is five or six diameters, and in high-speed 
fans sometimes as much as eight diameters, 
From this we get the approximate rule : — 

//(?=! + 0-004 n. 

The rule given above, which is an oi-dinary one for mill- 
shafting, is known not to apply to oi-ank-sliaft bearings, where 
centrifugal force is of little importance, but where there come 
heavy alternately-directed thrusts and wrenches. Still less 
can it strictly apply to dynamo machines. In these, for the 
most part, the power is transmitted through a few inches of 
shaft from a pulley to the armature. The journal between 
these two parts, if the pulley is outside, is obviously sustain- 
ing a much severer wrench than the journal at the other end ; 
it is in many dynamos made larger and longer than that at 
the commutator end. 

In the table on the next page are given data of sundry 
machines. 

The safe diameter for a journal to give requisite strength 
depends on the load tending to bend it, as well as on the 
mere twistmg-moment that results from the power transmitted 
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through it. The diameter of a shaft is usually calculated 
from the formula, applicable when there is no bending : — 

d (inches) = <? -^ H P -7- revolutions per minute ; 
where c = 2*9 for steel shafts. 

The lateral loading of an overhung pulley, due to the belt, 
prqduces a considerable amount of bending. Taking the 
ratios of breadth of pulley to diameter which are usual in 
dynamo manufactui*e, it will be found that c ought to be 
taken as having a value variously estimated from 4-2 to 5*5. 

Again, the spindle or shaft of a dynamo is subjected to 
bending by the weight of the armature, by the magnetic drag 
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Dynamo 

and DeMcription of 

Armature. 


Revolu- 

tlonn per 

minute. 

-i 
j 3100 

\ leoo 


Distance 
between 
bearingH 
(inches). 


Output 
(kilo- 
watts). 


Length J 
(inches). 


1 

Diameter 
d (inches) 


Ratio I'd, 


Eklison (bipolar 
standard type) 


18 08 
84-75 


1 
10 


2-62 
6-75 


0-625 
1-5 


4-7 
4-2 


Slow speed mul- 
tipolar ring 


1 


• • 

• • 


• • 

• • 


100 
1000 


15-75 
86- 


41 

15 


8-8 
2-4 


"Manchester" ) 
(ring) (1887) f 


1600 


26 


4-5 


8-75 


1-4 


2-68 


Ferranti alterna- 
tor (Htar-disk) 
(1883) 


t 
) 


1700 


28 


7-5 


i 
\ 5-25 


1-5 
1-26 


6 
4-5 


Kapp 




780 


84 


22-5 


jlO 

\ 8-5 


2-25 
2-25 


4-4 
8-77 


Brown 




200 


4^ 


100 


14 


3-5 


4 


Brown continuous 
current (1890) 


! 


500 


56 


26 


j 9-75 
\ 9-75 


20 
2-5 


4-88 
3-9 


Ferranti alterna- 
tor (1889) 


_ 


120 


85 


1000 


67 


14 


4 


Mordey altemat'r 

(Field -magnet 

revolving) 


s 


500 


53-75 


75 


(18 

Us 


4-5 

4 


2-88 
8-25 


Mordey (1894) 




150 


100 


800 


45 


11-5 


4 


Parsons Turbo- 
alternator 


\ 


8000 


• • 


350 


12 


2-3 


- 5-2 
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on ita core, and in belt-driven machines by the lateral drag of 
the pulley. When ranning, it is also subjected to bending 
stresses if the masses it carries are not properly balanced. If 
the bi-Bsses of the bearings keep the' journals in line, it ia 
evident that all such actions tend to bend the shaft at definite 
pointfi. In machines with discoidal arniaturea a greater 
length of shaft is free to bend than in those with drum and 
oylindrical ring-armatures, which stiffen the middle portion. 
Professor Perry calculates for discoidal armatures, 

I d = n |/T7-£-1000; 
and for drum- and elongated ring-armatures, 
I d^{ii 4/ L^-^ 3500) + 2, 

where L is the length of the shaft between the middle points 
of ita bearings, in inches ; and «, / and d as before. 

Journals, if plain, are usually terminated by collars or 
raised shoulders, to bear against the brasses and limit end- 
play. In some foiins of macliine end-play is specially pro- 
vided for, so as to cause an even wear at the commutator. 

In some British machines, chiefly small ones, and others of 
American make, a shaft of the same diameter througliout ia 
used, with collare shrunk on to prevent end-play. This ia 
not good engineering. A sliaft ought to be as thoroughly 
designed for its work as any other part of the machine. It is 
well recognized in machine design Uiat where an axle has to 
bear a transverse load tending to bend it between the points 
of support, it must bo tliickest where the bending moment is 
greatest One takes as a basis of calculation the diameter ap- 
propriate at the journals (found as above) and assuming that 
the shaft is of circular section, calculates the diameters at the 
other parts by the rule that the diameter at each point should 
be proportional to the cube root of the bending moment at that 
point.' It must not be forgotten that where key-ways are to 
be subsequently cut for securing the spiders or other attach- 
ments, additional diameter must I>e given to admit of this 
withoat reduction of strength. An example of an excellent 

1 See Unwlu's ifacAine Denign, 1*T. 
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YV^. £i3.— THKC5T BXAZm or Kaft AUWmSAKM. 

In the Kwou'i. the amucure spider is a long sleeve of cast 
iron, wLicli stiffens cLe tuiildle portion of the shaft, and is 
li>:i'l u{i by a tLre-^idcd nut ij^tDst d collar. 

b-.'irin-j« 'jH't P^'l'^tt-tU. — Bearings for dmamos are always 
niiuit; divided, so that tht.- armature can be lifted from its 
turd, and asiiitlly witli sleiw of bmss or gun-metal seated iu 
!in iijiproftriitte [ledcstal. Tliose nhu are not familiar with 
tlii^ (.-Iciiitrntar}' [>art of machine design should examine the 
drawiiiffs of the pedestals and bearings of various machines: 

irtioularly those of the Kapp dynamo, Plate I. ; and those of 

lato XVIII. and Figs. 273 and 277. Often the [*edestal is 
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made in two parts bolted together ; the joint occurring at the 
level of the under side of the ai-mature to admit of the latter 
being withdrawn, and affording a resting point during removal. 
Where long bearings are used tliey are occasionally made of 
cuKt iron instead of gun-metal or brass. More often a soft 
metal bearing ia used ; or rather a soft alloy, such as Babbitt's 
metal or " Magnolia " metal, is used as a lining for a step of 
gnu-metal or cast iron ; sucli antifriction metal being cast into 
shallow recesses formed for that purpose in the hollow of the 
step. 
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Ball Bearinffg. — With the introduction of machinery of 
precision for making steel balls for aitlifriction bearings, the 
use of the latter for dynamos lias been coming into favor. 
Fig. 254 gives a view of a bearing of this cla^s, and shows the 
disposition of tlie balls between the revolving liner and the 
outer stationary rings. For motor-generators, where there is 
no lateral drag due to belts, these bearings have been found 
excellent. 

TTintat Bearing*- — In all dynamos with disk op discoidnl 
ring-armatnit's. end-play is inadmissible; and thrust-bearings 
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must be provided similar to those used on 'screw propeller 
shafts with raised collars on the journals. Or, instead, the 
shaft may be constructed with shoulders somewhat deeper 
thaa usual at the journals, to bear against the brasses. The 
reader should examine the various tbrustrbearings in the 
drawings of the following dynamos; Mordey-Victoria, 
Fig. 283, p. 418 ; Ferranti alternator. Fig. 417,. That of 
the Kapp alternator, built by Messrs. Johnson and Phillips, 
is shown in Fig. 263. 

Spherical Bearings. — With all long bearings it is of great 
importance that they should not only be exactly concentric, 




FiQ 355 —Spherical Beahinq of Ooolden Dyhamo. 



but that they should also be accurately in line. To permit 
the steps to adjust themselves to perfect alignment it is now 
a frequent pi-actice to provide them with a spherical seat ; that 
is to say, a spherical or nearly spherical -shape is given to 
the enliii-ged central portion of the bearings, and this spherical 
portion is provided with a soft metal seat on the pedestal.' 
Fig. 255 gives a design by Mr. Ravenshaw. The bearings of 
the Westinghouse alternator closely resemble Fig. 255, but 
are adapted to longer journals. 

Lvhricators. — Provision must be made for lubricating 

' See paper by Mr, Columnn .Sellers, in Jmirnal of J'Vontitn IntUtate for 
1872, or En'jlMerlay, jtv, 17, or llie figure Id Uiiivin's Machine Design, p. na 



beariDgs with a clue supply of oil or grease, and an-aiigeuients 
to prevent waste and spilling. It is usual to provide an oil- 
well in the hollow casting of the pedestals, into which the oil 
drains from the ends of tlie brasses- Sightrfeed lubricators 
■which supply the oil visibly drop by drop are undoubtedly 
best for ordinary macliines. Sucb a 
lubricator ia illustrated in Fig. 256. 
The lever C at the top closes the 
feed of oil when the machine is not 
wanted to run. The collars A and 
B regulate the rate at which the 
oil flows down to di-op through 
the tube sight below. For ship 
dynamos special forms that cannot 
spill oil are preferable. It ia usual ; 
to provide a collar on the journals I 
to collect and throw off the oil 
centritugally, the lips of the bearing 
being carried (as shown in Fig. 255, 
above) beyond the brasses, and 
provide with a re-entrant rim 
wliich catches the oil and returns 
it to the well below. Sight-drain 
lubricators which permit the oil 
that flows from the bearings to 
drop visibly are in some cases 
preferable. For large dynamos, 
where there is great weight on the 
bearings, special precautions have 
to be taken, as in tJie lubrication 
of the bearings of propeller shafts. 
Oil is supplied under pressure, 
sometimes from two independent 

sources, to prevent risk of failure. Such arrangements are the 
more needful in the case of dynamos, because the motion La 
one of pure rotation, the shaft not being subjected, like the 
crankshaft of a steam engine, to alternate lateral thrusts, which 
help to work the oil in under the joiu'uals. Sellei's haa 
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Iiropo»e(l a doable labrication ' as n rafegnard. The ordisarr 
lul>ricaU>r sappUea tril at the centre of tLe bearing, and Uie 
ton V'^as.'* is provided near each end with a cup coDtaining 
a«li0 mixture nf tallow and oil. which only melts in case 
the bearing heats from failure of the ordinary oil sapplv. 
Self-lubricating devices are sometimes osed. an oil-well being 
provided in the lower brass, into which dips a collar on tlie 
journal, or a metal ring running loosely over it, or even a mere 
ring of felt. (See Brown's motor, Plate XVIII.) Fig 2.57 
reprexenlK the self-oiling arrangement used in their small 
motors by the Crocker- Wheeler Co, of New Jersej'. Some 
makers provide spiral grooves 
in the soft-metal lining of tlie 
bearing, so tliat the oil brouglit 
up l>y the ring is distributed 
along the journal. 

Tor dynamos and alter- 
mUora of the " umbrella " 
type, with vertical shafts for 
use witli turbines, very Bj>ecia! 
oiling arrangements must lie 
used on account of the very 
great weight on the bearings. 
(See Plates VI. and XVI.) 
Arrangements are made in 
all large machines of this 
type to take a large portion 
of the dead weight off the bearing surfaces, by means of 
hydraulic fioatji, or in some cases by applying electromagnets 
to produce an upward pull. In the case of the great Niagara 
alternators. Fig. 432, the lubrication is effected by oil placed 
in a large cast-iron cup several feet in diameter attached to 
tlie shaft below the bearing. Into the oil dips a stationaiy 
tube, up which, when the cup revolves, the oil rushes to the 
top of the hearing. A cold-water circulation is provided 
for artificial cooling. 

\ 1 liii« 
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Ket/8 and Feather*. — Keys for securing the armatures and 
pulley to the shaft should be of the sunk or flat type, not of 
tlie saddle type, which is less reliable. The inles for keys are 
as follows : b meaning breadth ; t thickness ; and d diameter 
of the eye of the luih, all in inches — 

J= Id + 1"; 

t, for sunk keys =^ -^d -)- | " J ^^H 

. *, for flat keys = -JLrf -(- ^i^"; ^^H 

Where two or more feathers are used on differentsidesof the 
shaft, the breadth of each may be somewhat less than this. 
For small machines these numbere are needlessly large, 

PulUy» and Belts. — There is no need to give special rules 
for these, as the ordinaiy rules for running machinery apply. 

Bed-platea. — In designing bed-platea it is usual to save 
weight of metal by coring out and leaving stiffening ribs and 
fianges. All this is quite right except in those cases where 
any part of the l)ed-plate serves also a magnetic purpose and 
constitutes a part of the magnetic circuit. For example, 
in the Kapp dynamo, Plate I., the bed-plate serves par- 
tially as a yoke for the fleld-magnet ; and in the "Man- 
chester" dynamo of Mather and Piatt, Fig. 285, p. 421. as 
also in Brown's dynamo, Plate IV., the part of the casting 
which passes under the armature must be left solid. British 
makers usually design bed-plates of box-patterns. In the case 
of machines with drum or cylindrical-riug armatures it is 
convenient to be able to withdraw the armature longitudinally 
by removing one pedestal, which therefore should he a 
separate casting. In that ease, for machines of the over-type, 
it is convenient that the pedestal should be made removabh 
down to the level of the under side of the armature, so that 
when the upper part is removed the stump may form a 
convenient resting place for the aimature in removal. A 
case is shown in Fig. 273, p. 401, and in the Kapp dynamo, 
Plate I. 

Coupling». — When dynamos are driven without belting 
from the steam engine on the same bed-plate, it is frequent to 
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connect their respective shafts by a coupling. Of these 
devices there are several special patterns, such as Brother- 
hood's, with a connecting part of leather, and Raworth's with 
flexible steel bands, admitting of a certain amount of play 
if the two shafts aie not in exact alignment. It is well to 
construct the coupling so that it also insulates the engine 
from the dynamo. 
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CHAPTER XVI. 



ELEMENTS OF DYNAMO DESIGN: CALCULATION OF 

CONTINUOUS-OCRRENT DYNAMOS. 



The symbols used m this chapter are deacrHied on p. 169. 

As ill all designing of machines, ao wilh the designing of 
dynamos, experience is the ultimate guide. Before we can 
begin to design a dynamo we must know what we want : how 
many amperes it ia to give, and at what voltage. We must 
also have definite ideas as to the intended speed of riiuning. 
To design a machine which, when driven ata prescribed speed, 
shall yield any desired number of amperes of current at any 
given voltage, ia a very simple matter to an engineer who has 
already had experience in designing dynamos of the same 
general type, but of different output. To a man who has 
designed 2-poIe continuous-current machines for incandescent 
lighting it is a simple matter to design another machine of 
the same sort. But it would be to him by no means so easy 
from his experience only to pass to designing machines of a 
mu5ti{M)lar type, or to design alternate-current machines, 

Happily a vast quantity of data are available respecting 
good machines of many types and sizes. Tabulated statistics 
of tbe results of experience are invaluable to the designer. 
Foremost of such statistics are those to be found in a series 
of articles by Mr. Wiener in the Electrical World, in the years 
1894 and 1895. Many pfiints need no such data, but may be 
found from first principles. 

It is known, for example, that the number of watts of 
output of a dynamo of given form, at a given speed, is 
approximately proportional to its weight. For example : 
given a dynamo which at 720 revolutions per minute yields 
(without sparking or overheating) 200 amperes at 10.5 volts 
(a 21 kilowatt machine), it is known that using the same iron 




carcass, and rewinding tlie machine with new colls equal i| 
weight to tbose previously used, the machine may be ms ' 
to give (at same speed iw Iwfore) 300 amperes at 70 volts, 
250 amperes at 84 volts, or 30 amperes at 700 volts — the pi 
ductM in each of these cases l>eiiig 21,000 watts. A machine ft 
douhle the output would have douhle the weight of iron 
double the weight of copper, approximately, if of the same tj 

Also, since the voltage is pi-oportional to speed, if a net 
dynamo had to be designed to give the same output at a sj 
of 480 instead of 720 revolutions per minute, a carcass ahoi 
IJ times as heavy would be required. A manufacturer wl 
had in stock carcasses of various sizes would, of course, self 
the nearest size ami wiikd it with an appropriate winding. 

The first stage in understanding the subject is to examine 
carefully the design of some well-established machines, and 
to see how the dimensions of their several parts are adapted 
to their functions. It will then be an easier matter to woi 
out any case for a fresh type of machine. But that we ut 
know wliat sort of data aie needed frani exi>erience, let 
make a preliminary attempt at calculating a design. Cah 
lations are needed to ascertain the proper sizes of the pai 
Some uf these calculations are purely electrical, other maguetii^i 
others mechanical, and some are of a wholly empirical nature 
founded on experience. If a dynamo is to be constructed to 
give, say, an output of 200 amperes at 55 volts, the conditio! 
respecting safety from overheating practically determine 
size of wire that can be used for the prescribed current ; 
calculation being needed beyond a reference to a wire-table,^ 
and the knowledge that in armatures of dynamos itis usually 
quite safe to allow 2000 or more amperes to the square inch. 
Suppose we settled on a stranded wire of 7 No. 13 S.W.Cl^ 
which will safely carry 100 amperes (each conductor carries 
only half the armature currant). If, however, the field-magnet 
is shnnt-wound,as it must be for ordinary lighting at constani 
pressure, there will he additional amperes to allow for besidi 
the 200 for the lamps. Let it be taken that 5 amperes, 
2J per cent, of the euiTeut, will suffice. Suppose this 
settled, then the question arises of the 65 volts. What si 
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of armature, what winding of it, what size of field-magnet will 
be required ; and how must the latter be wound so as to give 
■what is required at the proper speed? Again, it must be 
remembered that if 55 volts is to be the prestiure at the mains, 
the armatui-6 must generate more volts than this- — say 57 or 
58 — to allow 6. mai^in for the "lost" volts (p. 181). Sup- 
pose this settled, then what is the next step? 

Consider the fundamental equation of the continuous- 
current dynamo (see pp. 4ti and 171). 

E = n Z N -^ 10*- 
Now if we assume tliat the speed n is prescribed beforehand 
this formula tells us that the volts of the armature depend on 
Z, the number of armature conductors employed (i.e. on the 
weight of copper), and on N, the number of magnetio lines 
through the armature (i. e. on the cross-section of the iron 
core, and on the degree to which its magnetization is forced 
up). In the case in question, suppose the prescribed speed to 
be 1140 revolutions per minute, then n (the revolutions per 
second) = 19. And if E is taken at 57, it foUowa that Z N 
multiplied together must come to 300,000,000. But how 
much must Z and N be separately ? Well, experience shows 
tliat in sucli machines as this is to be, each armature- 
secUon should consist of one, or, at most, two turns, whether 
wound as ring or as drum. Experience also shows that for 
2-po1e machines it is convenient if the number of sections 
(and therefore of bars in the commutator) is a multiple of 6. 
Also experience shows that if there are fewer sections than 30 
there will be fluctuations and possibly spark troubles, and 
tliat if there are so many as 150 or upward, there comes in 
gieat expense in the construction. We might take 42, or 48, 
or 54, or 60, or 72, and work out a design on any of these. 
It is very easy, on completing the calculations, to try another 
set if the first do not seem quite satisfactory. If there is only 
one convolution in each section, and the armature is ring 
wound, Z will be the same as the number of bars of the 
commutator ; but if 'drum- winding is adopted, then Z will be 
numerically twice as great. Now if Z is small, ^ will be large, 
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and vice ver»& ; and we know that to secure sparkless ninniii 
it is well to keep N large and Z small (p. 95). Suppoc 
then, we take Z at 72, so that when wound drum-wise thai 
will be 36 sections and a 36-bar coinniutator. Clearly tJ 
will involve that N shall equal 300,000,000 ^ 72 = 4.166,60( 
in round numbera there must be a flux of 4,170,000 magnetaj 
lines tlii'ough the core of the armature. Again, experieaal 
shows that the proper degree of magnetization to allow in 
armatures of such machines is (see p. 368) from 15.000 to 
17,000 lines to the square centimetre, or say from about 90,000 
to 100,000 lines to the square inch. To carry the 4,170,000 lines 
the armature core ought then to have a uett cross-section of 
about 45 square inches, or say. 288 square centimetres. But 
here again comes a choice. How shall we determine this 
cross-section ? What size of core-tlisk shall we choose, and 
■what total length of core-disks shall we pack together alon? 
the shaft ? Shall" we use a toothed, or a smooth core-diskJi 
Suppose we decide to use smooth cores. If we take 1 
core-diaks of great radial depth we shall only need a coM 
paratively small number of them, and our armature will be 
short; whereas if we take small core-disks we shall liave a 
long armature. Here two other considerations come i 
influence our decision. We have provisionally settled 1 
gauge of copper conductor to carry one cuixent — a atmndi 
wire of 7 No. 13's, of which 3'38 turns will lie side by side il 
the breadth of an inch. If there are to be 72 such conductors 
all in one layer, they will occupy about 21 inches side by side. 
If we allow nothing extra for inserting driving-horns, this will 
involve core-disks about 7 inches in external diameter. If we 
say 7i inches with a 4i-inch hole, the doubled radial depth of 
iron will be 3 inches; and as there are to be 45 square inches 
of section of iron that will require a total length of about 
15 inches, or, with the insulation Iwtween tlie core-disks a 
length of 16 inches, the core of the drum will then be aboaH 
twice as long as its own diameter. It is usual in drum 
to make the length a little greater than the diamet«r ; 
this will do for present purposes. But Ehere is another < 
sideration. If we have got so many complete convolutions dj 
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(iniJuctor as 36, and each conductor carries 102J amperes, 
there will be for total cross-magnetiiiiig effect a product of 
3690 ampere-turns. Will this, on tlie core-ciiak of 1\ inches 
diameter be too gi'eat — that is to say, so great as to cause 
Hparking ? This is purely a question for experience to decide 
(see p. 385). Now experience shows tliat in 2-pole drum- 
wound machines a core-disk 7^ inches in diametei' will carry 
at least 5200 ampere-turns without sparking, so that we are 
well within the limit of sparklesaness. We might diminish 
internal resistances a little by choosing a smaller core-disk, so 
as to make a longer core that will waste less wire in wrapping 
across the ends; but in Uiat case we cannot use the sti-anded 
wire first selected. If, for example, we (.■lionse 6-inch core- 




diaks with 2-inch holes, we should require a nelt length of 
12 inches, or a gross length of nearly IS inches. And we 
could not fit the 72 conductors ai-ound the periphery unless 
these are specially made, say of dmwn copper strips placed 
three side by side (as in Fig. 258«). each strip being in section 
250 mils wide by 60 mils thick. The three ovei^spun to- 
gether would be almiit 2t0 mils thick ; and the seventy-two 
would occupy about 15 inches around the periphery of the 
6-inch dL-ik, leaving 3-8 inch for tlie insertion of driving- 
horns. Another way of winding would he to use, witir7^-iiich 
core-disks, four wires in parallel, instead of the stranded con- 
ductor, each wire being a No, 10 S.W. G., carrying 25 amperes, 
arranged two dee]), tljere being 144 around the periphery, and 
occupying about 22 inches side by side, as In Fig. 2586; a 
third method would he to use a toothed core-disk %-^^ inches 
in diameter, with .72 teeth, with wires of rectangular section 
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of llie iron limbs. Having done" this, see wlietber, witliout 
mechaiiicftl difficulty or risk of overheating, the quantity of 
wire thus calculated can Iw wound upon the length of linih so 
assumed; and having made tlua comparison, then diminish 
or increase the length cliosen for the limb, and recalculate. 
But here again comes in a complexity. If we assume that 
the armature has no demagnetizing reaction, we shall find our 
calculated quantity of wire much below the quantity actually 
required. Therefore, calculate approximately by the rule 

I given on p. 231 the number of demagnetizing ampere-turns, 
and add 2'0 times this to the number previously found; for 
the field-magnet must be made long enough to carry this 
additional number of coils. In the case under consideration 

; assume the polar angle to be 145° on each side, it follows 
that of 72, or about 58 of the conductors of the armature, 

will be in the gap-spaces at any one moment, and that there 
will be a belt of conductors (see Fig, 70. p. 85), seven broad, 
exposed between the tips of the poles. This gives ua 700 
ampere-turns of demagnetizing power if the brushes are 
assumed to be set near the pole-tips. 

Now the external diameter of the armature is %\ inches, 
and ^ve must allow \ inch clearance all round, making the 
diameter of the bored |X)lar surface 8i inches, and the actual 
gap-space from iron to iron \ inch. The gajvspaces them- 
I selves may be taken as being lOJ inches along the curve, and 
15 inches from back to front. We are now ready for the 
rules by which to calculate the field-magnet design. Hence 
we may pause here in these general considerations, which 
have been followed far enough to show the need for handy 
fonnulie of sOffioient exactness. 

Electrical Calculations. 

§ 1, To calculufe the Lost Votta in the Arvmture. — Take the 

number of amperes C^ flowing through the armature ; multiply 

this by the number of ohms (or fraction of an ohm) that repre- 

^^^g the internal resistance of the armature- 



Lost volts = 



■aXC^ 



joc Dy^tDma-EIdctric 3i^£kiM£rj. 



^ «2xiiiar 3ii'iKtf ir ^1 >» jiMsti Sjt cakmbisiD^ the voits lost by 
2~ai*&iiii'«' JL lay r?iil n. «z3es -vtol tile armauire. If the other 
:zca*r-i:u nain-riLv^ur r^'wfcizurf!:^. <siich ai a aeries goO. are called 



^sc 7iiiia» = r^ ^ r^ > C«. 



I i ri ^4^«^ii»p :ftif CiM-nni^ ^«g tkromg^ SKmhI.— Divide 
- 'TiB 4 j£ •a*nTrnitAi* 3^ snznoer •?< ohzns of r e siaia nce r« of shunt 

]ji 1 £r:ciL mtr^nTSL inm*tifTH^ C« maj be taken as aboot 20 to 15 

per ^miL :f C :zi ■naii'hrnr^ it less than 1 kilowatt : 10 to 5 per 
•.iHiiL 21 3x;kmini» :f I '^i: I ) kiI»:.wastB : 3 to 3t per cent, up to 200 
kii'T-ms : It r'^r c«ls. zi zairhixues «Tf I^m) kilowatts :or less). 

^ -1- T: rzU'ruttt^ v^. ^"Xii^^U Cvnn^t jtotrimg through Ar^nature. 
— A:»i V zhyi z^-i=iber rf ajnreres C that fl»>w to the lamps, the 
nLZLt^-r :t mz^r^i^ C, 43WT3ir ;u^3ciiid the shunt ooiL 



C. = C -C^ 

•.f A per»!«itad?* i:? ii>?v»r may be added to the current to be 

? 4. T-> ifi'i ^^y '>:".jik *.-/ Wirf ntf^iful for the Armature. — Re- 
in* n:»rrir:j: tha: tL-riv ir^ in btp»?lar machines two paths through 
zl.rr j.T'^^iZ'iT^, -iiv:.!^ Or by 2. and then refer to the Amperage 
itfK'i V,' ••--'>: -i.^ T-zri^ App»rn«iix A . and select a wire if it is U> 
i^ Li Air-- 'viiiL::.:: : '::l:*rnvL5e a stranded bar wiU be chosen. 
Kt Ti;Ti:/>.r •;■ .: in v-ry sni;\ll machines it is safe to go up to 4000 
amyie-rets p*rr s^'jare inoh. and in large machines to 2000 amp)eres 

?: .*. To rind tk** Ulifi/f' Eleftnymotire-force E that must Ite 
j^»u:n?V'f in th*! Armat'tnf of a Dj/namo. — Ascertain the numbcT 
*»t volts "t prvr=ifiiure e. at whi^.'h the mains are to be supplied from 
the terminals of the dynamo (depending on the lamps that are to 
be used' : to this add the calculated number of lost volts. 



K = e-^r^C. 



a. 



^ 6. To calculate the numfter of Armature Conductors Z. — This 
matter of experience: sk* p. 3i:5 ab<ive, and p. 342. 
\ To calculate the Elect romotiveforce in the Armature. 
Hnuous Current 3/ac/i/iic«.)— Multiply together the revolu- 
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tiona per second n, tlie number of armature conductors Z, and 

the magnetic flux N.thendivideby one hundred uiiiiion. Por;^ 

I volt = 10' C.G.8, units of electromotive -force. 



E (volts) 



»ZN 
' io» 



[Example : a certain Phojnix dynaino. n = 23'6 ; Z = 180 ; 
N = 2,530,000. Find E.] For multipolar machines one must 
also divide by the niuuber of bifurcations o£ circuit. For arma- 
tures not internally cross- connected tliie will be half the number 
of brushes (see p. 257). , 



Efficiency Caix.'dlation8. 

S 8. To calculate the Wasted Pmeer in a Dynamo. — To calculate 
horsepower from the watts divide the number of watts by 746. 

(1) Watta wasted in armature coil. Multiply volts lost in 
armature by amperes in armature; or multiply resistance of 
armature by square of armatui-e current. 

(2) Watte wasted in series coil. Multiply volts lost in series 
coil by amjwres in that coil : or multiply resistance of coil by 
square of amperes in that coil. 

(3) Watts wasted in shunt coil. Multiply amperes in shunt 
by volts at terminals uf shunt: or divide square of volts at ter- 
minals by resistance of Hhimt coil. 

(4) Watta wasted by twldy currents not calculable directly, 

(5) Watts wasted by magnetic hysteresis. The formula and 
table of hysteretic constants given on p. 140 will give the number 
of watts wasted by hysteresis in well -laminated soft-wrought 
iron, when subjected to a succession of cycles of magnetization 
as in the rotating armature core of a dynamo. 

g 9. To calculate the EUctrical Efficiency.— yi\i[i\p[y together 
the useful current C and available volts e. and so obtain the useful 
watta. Multiply together the total current C^ and total electro- 
motive-force E, and so obtain the total watts of gross output. 
The electrical eflSciency is the ratio of the former to the latter. 

-? = e C ^ E C„, 

Or it may be calculated by dividing the useful watte by the total 

watts (useful and wasted added together). The electrical efficiency 

does not include waste by eddy currents, hysteresis, or friction. 

5 10. To ascertain the Commercial Efficiency. — Calculate by 
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rules given on pp: 137 and 138 probable losses by hysteresis and 
eddy-currents in iron; and estiniate losses by friction at bearings 
and by eddy-currents in copper from data of tests of machines of 
similar type. Then divide useful watts by total watts including 
these losses. 

Magnetic Calculations. 

§ 11. To calculate the Magnetic Flux through the Armature. — 
Measure e, add lost volts, and so calculate E; then multiply by 
10* and divide by n and by Z. 

EX 10* 



N = 



nXZ 



[Example: An Edison- Hopkinson dynamo, n = 12*5; Z = 80; 
e = 105; r^ia = 326; find NO 

§ 12. To calculate the Magnetic Flux-devisity B in an Iron Core. 
— Ascertain the magnetic flux N through that core; and thenett 
cross-section A, of iron in tliat core. Then divide N by A. 

or, if measures are given in square inches, 

B., = N ^ A '. 

[Example: in an Edison-Hopkinson dynamo N in armature = 
10,826,000; A" = 125 square inch; find B./O 

[Example : in a Kapp dynamo N in armature — 6,730,000 ; 
A — 403 1 square (centimetres ; find B.] 

§ 13. To calculate the CrosA-Section of Iron to carry a given 
number of Magnetic Lines. — First determine how many is the 
total number of mapmetic lines that must pass through the arma- 
ture core when machine is at full work : call this N . Next, settle 
what is the advisable value to give to the flux-density B. In 
continuous current machines for incandescent lighting it is not 
usually advisable to push the magnetization further than B = 
17.000 (to the square centimetre), or B,/ = 100,000 (to the square 
inch) . For arc-lightinp: niaohines the flux-density may be pushed 
further. For alternate-current machines a much lower densitv 
is desirable : B say = 7000. For cores of transformers a density 
of 2000 to 4000 is usual. Having settled the value of B or B„ , 
dividing N by the value settled will give the required sectional 
area A or A". 

[Example: in a certain Phoenix dynamo it was decided that B// 
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should be IIS, 000 lines per Biiuare inch, and N hiid to bo 2,606,- 
000; find A".] 

[Example : in a Kapp alternator, A in the armature core was 
1032 square centimetres; assuming B = 6500; calculate N-] 

For calculating the requisite cross-section of field-magnets a 
similar process is used, but allowauee must be made for carrying 
a larger number of magnetic lines (because of magnetic leakage) ; 
and it is advisable to use, even with wrought-iron cores, a some- 
what lower degree of magnetization. If cast-iron cores are used, 
the section will have to be nearly twice as great, as it is not ad- 
visable in that material to force iu more than about 8000 lines to 
the square centimetre, or than about 50,000 to the square inch. 

g 14. To allow for Magnetic Leakage.— Jn consequence of mag-, 
netic leakage the magnetic Qux is different at different parts of 
the magnetic circuit. 

[Example: in an Edison-Hopkinson dyi^^mo it was found that 
to get 10,826,000 lines through the armature, enough magnetizing 
power bad to be put on to make 14,289,000 lines flow through the 
Seld-magnet, 3,464,000 of these leaking away and not going 
through the armature. Tliis is as if out of every 132 lines in 
field-magnet, 100 only were useful and 32 wasted.] 

The symbol for the coefficient of allowance for leakage is v. Its 
value varies in different dynamos from 1*2 to 2 or more. In the 
example above given o = 1'32. Allowance must be made for v 
times N magnetic lines in the field-magnet in order that there 
shall beaflux of N lines through the armature. (Comparep. ISI.) 

g 15. To-JiJid the Permeability of Iron at any stage. — Refer to 
tables or curves (such as those given on pp. 125 and 138) relating 
to the particular brand of iron under consideration. 

[Example: in armature of Kapp dynamo, when running on open 
circuit N = 6.730,000; A = 403] square centimetres ; find B: and 
from this, assuming the curve for the iron to be the same as the 
uppermost curve in Fie;- 85. find i: Also find B and fi. when, at 
full load. N is increased upto7,170,000by the added magnetizing 
action of the series ooil.l 

[Example: in field-magnet (cast iron) of a Phcenis dynamo 
A" = 62 square inches ; N in armature = 2.606.000 ; i- (leakage 
allowance coefficient) = 136. Calculate!! N- then B„; then find 
/I by reference to Table II., p. 136, for cast iron.) 
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lines.] 



IS, To iM>».-'i*f thf T>r.il Magnetic Reluctance of the Magnetic 
mit of ii Dyna .>i<>. — This :s done by calculating the magnetic re- 
Ukces of t he sepa rai^ parts and adding them together. Account 
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must, however, be taken of magnetic leakages by allowing for v 
N lines in the field-magnet cores and yoke. 

In the simplest case the magnetic circuit consists of three parts : 
(1) iron in armature core; (2) air, copper, cotton, &c., in gap- 
spaces ; (3) iron in field-magnet. The permeability of the materials 
in the gap-spaces may be taken as = 1. Hence the three reluct- 
ances in question are respectively written : — 





For centimetre 
measure. 


For inch measure. 

A-, ;, X 0-8132 

22" 
A",;. X 0-8182 

A",;-, X 0-8182 


1. Armature. . . . 

2. The Oap-spaces 

3. Magnet core . . 


/I 
Ai //i 

A, //, 
Aa^s 



19. To calculate the Ampere-turns of Magiietizing Power Requisite 
to Force the Desired Magnetic Flux through the Reluctances 
of the Magnetic Circuit, 

(a) If the dimensions have been given in centimetres, the rule is : — 

Ampere-turns = magnetic flux multiplied by the magnetic reluct- 
ance, divided by A of ^ (= 1*257) ; 

or, in detail, the three separate amounts of ampere-turns required 
for the three principal magnetic reluctances of a dynamo are 
expressed as follow : — 



}- 



N X 



Ampere-turns required to drive 
N lines through iron of armature 

Ampere-turns required to drive ) 

N lines through the two gap spaces f 

Ampere-turns required to drive 

V N lines through the iron of field- J- = v N X 
magnet 



^ 



A, /«, 



4t 
10' 



I- 



Nx'a^-^W-' 



I, ^4. 



^3^3 



10' 



and, adding up: 

Total ampere-turns required = 7 — N s ^j— ^ — + -.-* + -j — — !■ . 
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{b) If the dimensions are given in inches^ the rule is: — 

Ampere-turns = magnetic flux multiplied by magnetic 

reluctance; 
or, in detail : 

Ampere-turns required to drive) , ^, 

N lines through iron of arma- [- = N X .,, ^ X 0-3132; 



ture 



) " ' A", fi. 



Ampere-turns required to drive) o/" 

N lines through two gap [■ = N X -^ X 0-3132 ; 
spaces ) * 

Ampere-turns required to drive) wf 

V N lines through iron of field- [- = ^ N X .// \ X 0-3132; 
magnets ) ^ ' ^^ 

and, adding up: 

Total ampere- turns ) aoiqoki ( ^'i • ^f' , vf\ ) 
required }= 0.3132 N {^+^»+^j. 

[Example : in a certain Lahmeyer dynamo, with cast iron magnets, 
the following were the data: N = 2,328,000 ; v = 1-11 ; l'\ 
= 6A ; r\ = iJ ; 7^3 = 40 ; A'\ = 348 sq. in. ; A", = 69.5 ; 
A"3 = 86*5 : calculate the required ampei-e- turns.] 
In some forms of dynamo the magnetic reluctances of pole- . 
pieces and yokes must be separately calculated ; and allowance 
must in some cases be made for leakages at different parts of the 
circuit. Hence a more careful formula would be: — 

S C = 0-3132 N I — — -J- "^-^ -f ^^^^ -f ^^^^ -f ^^1 

( A, H^ ' Aj Ag/^^ A^ ^4 A^^J 

It is expedient that the calculation of the ampere-turns should 
be made hcice ; that is once (using the value of N that corresponds 
to the case of no lost volts) to find the value of the ampere-turns 
of winding to be put on the shunt, when there is no current 
through the lamps; and once (using the higher value of N that 
corresponds to the maximum E) to find the increased ampere- 
turns that are required when the full current is being taken from 
the armature. These will have to be provided for (in compound- 
wound machines) by a series coil to compensate for demagnetizing 
effect of armature, as well as for the lost volts. 
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g ao. To Estimate the Additional Ampere-turns Required to Com- 
pensate for tlie Demagnetizing Action of the Arriiatiire 
Current when the Brushes have a Forward Lead. 

Count the number of conductors on periphery, between the 
diameter of symmetry and the actual diameter of commutation, 
and multiply by Co the amperes flowing through armature. The 
product so found will have to be increased by a certain amount 
on account of the drop in magnetic potential which takes place in 
tbe field core owing to the increased magnetic leakage and de- 
creased permeability of the core. This cannot be estimated with- 
out going over the magnetic calculations in the manner shown on 
p, 365 ; in practice the product must be increased from H to 2 
times. For ring machines the product must be doubled. The 
luimber so determined must then be added to the number of 
iimpere-turns previously calculated. 



Examples of Calculations applied to Continuous- 
CcRKENT Dynamos. 

As remarked at the opening of the present chapter, it ia 
advantageous to go over the calculation of some existing 
miwliines.' Two complete examples are given here, one 
i-elating to an Edison- Hopkinson dynamo (see pp. 148, 152, 
And 403); the second to a Kapp dynamo. Plates I. and 11. 
The magnetic-circuit calculations for the fii-st have been 
calculated out in C.G.S. units ; those in the second in inch 
units, so as to show both modes of calculation. As a third 
example, an exercise tor calculation is given. 

Example I — An Edison -Hopkinson Dynamo. 

Description adapted from paper by J. and E. Hopkinson, in 
Phil. Tram., 1886. (See Fig. 287, p. 422.) 

Shunt- Wound Dynamo, ivith Drum Armature: 33 kilowatts 
Output; 320 Amperes, at 105 volts, at 7S0 revolutions per minute. 

Armature : Built up of about HIOU iron core plates stamped out 
of soft sheet iron separated by sheets of paper, and held between 
two end-plates, one of which is secured by a washer shrunk on 
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r •n?- ^ T* •una ttoi «i» rjiiv«jiiiciuii» L e. cfaisre are 80 external 
raniiuc^'is ir >!'?rpiu?7 . -Murh. :t)iiis»Qn^ of 16 strands of copper 
-wzT^ j^ -nit* ir 1 *^ •ninimftTM dx •iioou'Cer L e. IjtI B. W. G.), 
oie -■on^Jiiinoiw irimr puM.*ed in cwo lavers of 20 each. Com- 
muiaSDr. W lars >t niiiH^r .nwiiaced wich mica: coonections to 
jjmanip? <so 3iu&ie "^ac piane of •xmanmsackn is boriiontal when 
•a7-ur js nwn. «rr^ u B Tec tion of die above wire. 0'0037 sq. in., 
ir !*;» s*!. Tinn aiuii iira) of *?fich set of 1< wires 0'0592 sq. in., 
or > -m. mm Bt*9u$Gince of armamre from brush to brush 
■» i«i9!U7 liun, IE ::5*T' »7*»nnicnuie- 

F»*ui- Miupwr T*ir«^ f rztniCT of hammered scrap iron, truly 
iii'»?«L mil ■)• ir«?*i j»e«»tiier. section of limbs rectangular with 
•tiraen* -iiizrhriy r:imde*L Stands •». a xinc f«>ot5tep. over a cast- 
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ti>*u«it:i \i '.irah i^ornlueL to «haft) 

T!i:« kn»-<ei t Iinib 
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t»**C'Ch 't v.'.ke 

En>taj:f.*»r b»rtwe«*c ir»*ntn** of tiznhs 

Duim. '.'f N'lv of pi>Iar fac*»s 

I>-f -ch I »f f« ■I«»-pi«^>»s 

Wit 1th of f*->lf^pi»>«v^ at narrowest part 
BrKiflth ijf pi »k-f)ie«>^ - parallel to shaft) . . 
Wirlth of crap between pole-pieces . . . . 
Depth of e<lges of protnuling horns . . 
Thickness of ^p-space (from iron to iron). 

Thicknf'Sft of zinc footstep 5 

An^ilar breadth of polar face 

Angular breadth of gap 



Inch 


Centim 


18 


4-5-7 


174 


44-45 


^x\ -. 


221 


5li 


. 61-6 


19 


48-3 


9i . 


28-3 


15 


381 


lOH . 
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The magnetizing coils are wound directly on the limbs, and 
consist of 11 layers on each limb of copper wire 0*100 inch, or 
2*418 mm. diameter (No. 13 B. W. G.), having, therefore, cross 
section of 00071 sq. in. or 4*573 sq. mm., making 3260 convolu- 
tions in all; total length being approximately 15,000 feet, or 4570 
metres. Resistance at 13*5° C. is 16*93 ohms. 



Data far Calculating Reluctances in Magnetic Circuit. 

1. — Armature Core. 

l^ taken as 5i inch or 13 cm. 

Aj taken as 125 sq. in. or 810 sq. cm. 

2. — Oap Space, 

l^ is if inch (=0*59 inch), or 1*5 cm. 
A, taken as 248 sq. in. or 1600 sq. cm. This allows 29i 
sq. inch, or 190 sq. cm. for fringing. The actual area of 
the polar face is 234i sq. in., or 1513 sq. cm.; and the 
corresponding area of 129° of surface of armature core is 
218i s'q. in., or 1410 sq. cm. Allow, for fringing, a mar- 
gin all round equal to four-fifths of gap-space. 

3. — Magnet Limba. 

Zj is in total 36 inch, or 91*4 cm. 

A, is taken at 152 sq. inch, or 980 sq. cm. 

4.— Yoke. 

l^ is taken at 19i inch, 49 cm., estimated along quadrants. 
A^ is 173i sq. inch, or 1120 sq. cm. 

6. — Pole Pieces. 

/g is 4A inch, or 11 cm., estimated along curve. 
Aj is taken as 190i sq. inch, or 1230 sq. cm. ; being mean 
area between section of limb and area of polar face. 

Coefficient of leakage v was taken by Hopkinson as 1*32, but 
was probably nearer 1*4. 

Calculations about this Dynamo. 

C = 320 ; e = 105 ; n = ^ = 12*5 ; ra = 001 ; r, = 16-93, whence 
C, = e-^ r.= 6-21; Ca= C -h C. = 326; lost volt8 = r« X Co = 001 
X 326 = 3-26 ; hence E = e -f ra Ca = 10826 at full load. Z = 80. 

. , EX 100,000,000 108-26 X 10 

N = VZ = 12-5 X-80 = 10,826,000. 

Useful watts = e X Ca = 105 X 320 = 33,600. 



^ rijs:mt^ FJf Trk yiAckimery. 



51*— :^Hcai -*fii3E2Xir^ ▼ = ih^i£ »'ia3» -i- total watfcBL 

= j-iSt. or *5-5 per cent. 

T^ica jijnc iL irrmnrr* = jd« Tife » ampereeL 

~^iCSr ^nc XL TTiitfTnc^ = ^A iai:;«eFes> * volts. 

= f 1 1»* = o:*. 

T^iizs*^ JLJEC 17 ijiOfE*ait = 1± * rerersais per sec. in 0*7 cubic 

f-M« la i:i»0 for B. see p. 140. 
= *!;}. 



?i imf Hyn>fir»-'rm» -svqssstut im> macEKtiBe. By § 19 above; 






T!ls zinzsC r>e .-3jirxiaseti fmiL izi» > daia of the magnetic circuit 
is. ieconuFT ptLTSf. its> m z- 1^. Pz?g< fini vahies of B in separate 
parv tirtMrfTTir «: jkuiw*^ aai ;7ii»s^sec&GiL. and fmn these values 
ibai •xrr»sfc«.'i:ii=34C v:iliae» vf A \f^ TaUeL. Pl 126. or frcMn Fig. 85. 



1. Arciissr* . . . . B: = 15.S«(»: «i = 1000 

%. ILuzffC Izsiie . . Bi = 14-25Ci: *, = 796 

4_ Y:i* B* = 1S.«L»: .^4 = 895 

5. Pofe-pKoes . . . . B» = 11-15<:»: *» = 1566 



ti>ese vjLTies an*i those of the leakage coefficients, the 

1. ArmaUiT^ 0-00001605 

2. Gap->{:<io?s 0001S7500 

3. MaOT^t limbs 00001 5467 

4. Yoke 000006845 

5. Pole-pw»^es 000000151 

Total magnetic reluctance . . 000211568 

Whence 

S C = J-?. X 10.826,000 X 0.00211568 
= 1S226. 

To this must be added the ampere-tums needed to compensate for 
lemagnetizing action of armature. The number of armature con- 
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ductorsbetweenpole-tipsis 11; but as the diameterof commutation 
is not quite at the pole-tips we take 9 ae the demngnetizing belt. 
Multiplyiug this by half the armature current {163 ampereB), and 
by the leakage coefficient (1-32} we get 1936 as the compensating 
number, making total requisite ampere-turns ZU,162. Dividing 
this by the number of amperes of curi-ent allosve<i in the shunt- 
coil (6.21) gives 3214 eis the requisite number of coils S on the 
field-magnet. The actual number wound on was 3260, which 
allows a margin for regulating. 



Example II,— The Eapp Dyhamo. 

Compound-Wound Dynamo with Drum Amiafure (Over Type) 
— Output 21 kilowatts ; 200 amperes at 105 volts. Speed, 780 
revolutionB per minute. (Shown in Fig. 259 and Plates I., II. 
and III.) The Armature, which is described on p. 307, has the 
following dimensions : — 



Core-disks, external diam. . . 
internal diam. 

Shaft diam 

Radial depth of iron 

Gross length of core 

Total thickness paper insulation. 
Nett thickness of iron in core . . 
Nett cross section of iron, A, 



8.2 centim. 



62'6 sq. in., 403 sq. cm. 



Effective length. (, 5'5 in., 13-9 cm. 



Particulars of conductors, etc, : 

Number of conductors . . . . 120 

Breadth O'll in., 0279 centim. 

Eadial depth 0-208 in.. 0'528 " 

Section of conductor 0'046 sq. in., 0-297 sq. cm. 

Total diam. of armature .. .. Ill in., 29-6 centim. 

Diam. of bore of poles . . . . IHS in., 303 centim. 

Resistance of armature (hot) , . 0025 ohm. 



The commutator has 60 segments insulated with mica. 
The conductors are joined at the end of the armature by 120 
semicircular connectors, each of which is 1.625 inch, or 41 cm. 
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Calcdlations on Open Cikcutt. 



The calculatioue in this case will be made throughout in inch 
measure. 

Armature. — The first operation is to find the number of linea 
of force that must be passing through the armature in order that 
105 volts shall be generated in it. 

Taking the formula 

^^ 60 X 10" X E 



Z + revs, per min. 
and substituting the values given above 

X 10" X 105 



H- 



6,732,000 
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This gives the number of lines pammg IJurxmg^ &e anmaiwre.— 
Dividini^ the above figure by ^le aectiQiial area of the annatare, 
we obtain the number of lines pammg tbzoogii eauA square inch 
of the armaCore ; tins is denoted by tiie letter Bi- 

Q _ 9.732.000 

= 107,«00 ib) 



Tkds gwBM 1Mb fimx-^iemmt^ m ikm ttrmatmre, — On reference to 
tfaft cnrve far wroogfat iran. ccmnecting^i and Bi (p. 125) we find 
tiiat afc tziu tin x-fftfPtuM t^ y 

^ = «0 (c) 

FiKLD-lLifflma. — To jML ike nmamber afUmea patting through 
Ae jtMrmagneta it is onij necessary to mnltiply the value (a) by 
tiie coefficient of leakage, which by e xpe i im ent has been found 
to be about 1*3 in this dass of Bwchine. 

Ni = «,732,000 X 1-3 

= 8,750,000 (d) 



This vafaie divided by the sectioiial areas <^ magnet-limbs and 
yoke ftape e ti i e ly gives the ftux-densities tiirou^ them. Thus 

Q _ 8,750,000 

^* i05~ 

= 83,330 (e) 

This is the flux-densUy in the magnet-limbs^ and on reference 
to Hopkinson*8 curve this corresponds to a 

^, = 1230 (/) 

And in the yoke whose cross-section is 180 sq. in. 

P _ 8,750,000 
^^" 180 

= 48,610 (g) 

This is the fltLX-density in the yoke, and on reference to Hopkin- 
son's curve for cast-iron, this corresponds to a permeability 

^3 = 125 {h) 

It will be noticed in these calculations that the pole-pieces are 
ided in the magnet-limbs, which may be done without appre- 
I error in this type of machine. 
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Magnetic Rkluctanok.— The next step is to find the ampere- 
I turns per line needed for each part of the magnetic circuit, and 
this is done by substituting the values for the length, section and 
P in the reluctance formula given on p. 350, viz. :— 

~ X 0'3132. 
^ A 

So we get for the 

i Armature = 5_:^ 0J138 

210 X 62-6 

= 00001312 (0 

I Magnet limbs _ 2_>1 83^X0- 3132 

I 1230 X 106 

^^^ — O'OOOlllS (J) 

^^^Klke _ 7 X 0-3133 

^^^V^ 125 X 160 

^^■^ = 0-00009743 (fc) 

Air-gap. — The length of each air-gap is fa", but the area of the 
polar face must be found by calculation from the diameter of the 
magnet bore, the angle subtended by the polar face, and the 
breadth of the magnet, thus: — 

^^^^ 360 

^^^H _ 15X3-U16X ll HXia5 

1^^^^ = 811 square inches. 

Correction for Fringing. — To correct for fringing the following 
is a practical rule: — Add to tfte actual area of the polar face an 
area whose length is equal to the periphery of the polar face, and 
whose tn-eadth is equal to the length of the air-gap multipliedby 0-8. 
The periphery in the above case is 15" + 14" + 15" + 14" and 
I air-gap la ^". The correction for fringing is, therefore, 
[ (15 4- 14 -!- 15 + 14) X ,\ X 0-8 = 20-3 square inches (/) 

The effective area of the polar face is, therefore, 
211 -I- 20-3 -= 231-3 square inches. 

L.-. reluctance of air-gaps = l"!-'!-^-^-:^!^ 
= 0-001185 .... -C;jj) 
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Calculated Amperb-turns. 

The next and final step is to find the numher of ampere-tarns, 
or magnetomotive-force, required to drive the given number of 
lines through the different portions of the magnetic circuit. This 
is found by multiplying the number of lines in any part by the 
magnetic reluctance of that part, thus: — 

Armature (ampere-turns) S C = 6,732,000 X 00001312 

= 883-5 (n) 

Air-gaps S C = 6,732,000 X 0001186 

= 7,975 (o) 

Magnet limbs S C = 8,750,000 X 00001115 

= 9761 (p) 

Yoke S C = 8,750,000 X 0*00009743 

= 852-5 (g) 



Summary. 

Ampere-turns required for armature = 883 5 

'* *' air-gaps = 7,975 

** ** magnet limbs = 9761 

** *' yoke = 852-5 



Total 10,687-1 

Our calculations, then, lead us to the conclusion that there must 
be 10687 1 ampere-turns wound on the shunt circuit, in order to 
drive sufficient lines through the armature to enable the dynamo 
to give 105 volts on open circuit at a speed of 780 revolutions per 
minute. Let us see how this result agrees with what actually 
exists on the machine 



Actual Ampkre-turns. 



The resistance of the shunt circuit is 30 1 ohms, and the pressure 
at its terminals of 105 volts. The current flowing through the 
shunt is, therefore. 



30-1 
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and as there are 3058 turns of wire, the number of ampere-turns 
on the field-magnet is 

8 = 3058X3-488 = 10,670, ....(«) 

which agrees almost exactly with the figure obtained by calculation. 

Calculations at Full Load. 

Since there is now a current of rather over 200 amperes flowing 
through the armature and series coils, there is necessarily a fall of 
pressure there, and as the terminal pressure must remain the 
same as before, the dynamo is called upon to generate a pressure 
equal to the sum of these two. The fall of pressure in the arma- 
ture and series coils is obtained by multiplying their resistcuice 
by the current. 

Thus 200 (0-025 + 00079) = 6-58 volts. 
Therefore, the total E.M.F. required to be generated by the 
dynamo is 

E.M.F. = 105 + 6-58 = 11158 volts. 

A similar set of calculations to the previous ones must now be 
made, assuming the new value of the E.M.F. thus 

lines throughannature N' = ^" ^ '"' ^ '"''^ 



Flux-density in armature B'l = 



780 X 120 
= 7,153,000 . . . (a*) 
7,153,000 



62-5 



= 114,500 .... (ft') 

Corresponding to //\ = 100 . . . . (c') 

lines through field-magnets W ^ = 7,153,000 X 1*3 

= 9,298,000 . . . id!) 

Flux-density in limbs R' =5:298^ 

^ ^ 105 

= 88,550 .... (e'} 
Corresponding to a^'^ = 950 .... ( f) 

Flux-density in yoke R', = ^-^^^'^^ 

■^^ 180 

= 51,650 . . . . (gfO 
Corresponding to f^'g = 95 .... {)C) 
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Armature 



KaOITETIC BkLUCT A9CEB. 

5-5 X 0-3132 



Hagnet-limbe 



Yoke 



100 X 62-5 
= 00002756 . . . . (f) 
^ 2 X 23 X 0-3132 

950 X 105 
= 00001444 . . . (f) 

_ 7 X 3132 
95X180 
= 0-0001218 .... (10 
Air-gaps = 0001 185 (as before). 

Calculated Axpebk-turks. 

Armature 8 C = 00002756 X 7,153,000 

= 1,972 (nO 

Air-gaps 8 C = 00011850 X 7,153,000 

=^8,474 . . . . (oO 

Magnet-limbs 8 = 00001444 X 9,298,000 

= 1,343 . . . . (pO 
Yoke 8 C = 00001218 X 9,298,000 

= 1132 .... (30 

8UMMART. 

Ampere-turns required for armature = 1,972 

*' " air-gaps =8,474 

** ** magnet-limbs = 1,343 

" ** yoke =1,132 



Total 12,921 

It is thus seen that 12,921 ampere-turns must be used instead of 
10,687, in order to compensate for the lost volts in the armature. 
But even this increased number will not be sufficient to bring 
about the required result, owing to the demagnetizing effect which 
the armature exercises. It is found that there are eight conduc- 
tors in the angle of lead at full load. This number multiplied by 
the current gives us 1600 demagnetizing ampere- turns. Now we 
« from (n') and (o') above that the magnetic potential between 
e pole pieces required to drive the flux through the armature and 
r-gaps is that of 10,446 ampere- turns. To this must be added a 
»tential equivalent to 1600 ampere-turns to overcome the de- 
agnetizing effect of the armature. Now if the difference of 
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magnetic potential between the polea is raised in this way the 
magnetic leakage will be raised proportionately. The coefficient 
of leakage will therefore be nearer 14 than 1-3. This means that 
the flux through the limbs and yoke is increased to about 10,000,- 
000 lines. Taking the flux density in the limbs at 95,000 and in 
the yoke at 66,000, we have f't and p'l reduced to about 750 and 
75 respectively, and the ampere-turna required for these parts 
increased to 800 and 1500 respectively. Adding together the 
ampere-tums required to overcome the demagnetizing effect, and 
the reluctances of the air-gaps, armature, limbs and yoke, we get 
a total of 15,300. 

Having now completed the calculations, let ua set them down 
in a model schedule for use in future designs. 
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0-001185 
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95,000 
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O-0O018O 
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Yoke . . . . 


56,000 


75 


0-000150 


1.500 




Required to counte 


raot demagnetization 


18.748 
- 1,600 






Total . . . 


15,846 



II ACTPAL AMPSKK-TURSS. 

Let ua compare this with what actually exista on the dynamo^ 
and we iind 

Ampere-turna of shunt- win ding .. .. = 10,670 {as beforel. 
series winding (23 X 200) = 4,eoo 




Total 



16,270 



J 
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In practice the number of series ampere-turns cannot be fore- 
told with the accuracy shown by the above figures. The usual 
course is to wind upon the dynamo the approximate number of 
series turns, and by running the machine find by experiment 
exactly how many ampere-turns are required to keep the volts 
at the desired amount at full load, and then the series winding is 
adjusted accordingly. 

Elxample III. (already partly considered on pp. 340 to 344). 

Design of a single-field compound-wound dynamo, with drum 
armature. Output 200 amperes at 55 volts at 1140 revolutions 
per minute. It is required to find the appropriate field-magnet 

Armature, — Built up of core-disks, separated by varnished 
manilla paper fixed by end-clamping upon a three- webbed sleeve of 
gun-metal. Shaft of Siemens steel. Commutator 36 parts. Con- 
ductors 72 all round periphery, in one layer. Hence at full load f^ 
must be about 4,170,000 lines; and at 90,000 lines to square inch 
this needs a nett cross-section of 45 square inches in core. Core 
disks, 7i inches exterior diameter, 4i inches interior diameter, in 
sufficient numbers to make up total nett length of 15 inches. Core 
disks are 28 mils (i. e. No. 22 S.W.G.) thick, so that about 536 of 
them are needed. Conductor, a stranded wire of 7 No. 13, overspun 
together with double cotton covering, and already lightly varnished 
with Scott's rubber varnish. Resistance of armature from brush to 
brush 0*007 ohm; length of armature winding, approximately 52 
yards. 

Field't)iagnet8.— 'Horizontal limbs of best cast iron carefully 
annealed, lower one forming part of bed-plate casting. Section 
widening from lips so as to have section 194 square inches, and at 
parts furthest from armature 16^ inches widfe by 11 inches deep, 
being bored out to receive the ends of the wrought-iron magnet 
core, which is a round forging, lOJ inches diameter, turned down 
at its ends to 10 inches diameter, where it is inserted into the hori- 
zontal pole-pieces. The finished machine generally resembles 
Fig. 102, p. 163, but is more massive in the field-magnets. 

To find the proper length for this core, first make an approxi- 
mate estimate of the needed number of ampere-turns, and thence 
calculate the quantity of windings and the proper length of core to 
receive the wire. Then design the magnetic circuit to be as compact 
as possible ; and having so settled the sizes of the parts, calculate 
more exactly, as in the preceding example, the requisite number 
of ampere-turns to be provided on open circuit and at full load. 

An example of a very detailed calculation of a dynamo is given 
by Wiener in the Electrical World, xxv. 662, June 8, 1895. 

Experienced designers, accustomed to work at particular types 



of machine, and with particular brands of iron, are able lo simplify 
down their methods of calculation. They will, for example, settle 
by experience to design their machines to work at certain definite 
flux-deDsities in cores of armature and of magnet« — hence at 
known permeabilitioB. They can then fix the number of ampei-e- 
tums needed per inch of length in each part of the magnetic 
circuit; and with the drawings before thom can in a few niomentB 
debermine the total ampere-turns needed for excitation. 



u oewTQ 



Useful Points in Desioking. 



Peripheral Speed*. — The usual peripheral speeds appeai* 
to be from 2700 to 3000 feet per minute (i. e. 12 to 15 meters 
per second) for drums and cylindrical rings. For drum 
armatures destined for an output of K kilowatts, the suitable 
Bpeed may be calculated by the formula « ^ 3000 K -i- K -f- 1. 
For large low-speed ring luaeliines we may take « ^ 2700 K 
-i- K -|~ ^- Esson maintains that 6000 feet per second cau 
be safely attained in large machines. For discoidal rings 
and disk armatures, 3000 to 5000 feet per minute is usual. 
Ferraiiti's 15-foot armatures (Fig. 418) have peripheral speed 
of 5400 feet per second. Those alternators in which the field- 
magnet i-evolvea may have higher peripheral speeds without 
risk of flying to pieces, some going over 7000 feet per minute. 
In the Niagara alternators the speed is 7854 feet per miuute. 

Core-disks — These are usually from 25 to 50 mils in thick- 
ness, in continuous-current dynamos and motors. For altera 
nate-current machines some makers use thinner stampings. 

For rings, the ratio used in practice between tlie external 
and internal diameters is from 10 to 8 in small rings to 10 to 7 
in large rings. In Brown's 4-pole rings (Fig. 276) tlie ratio 
is 10 to 7 : in his 8-pole rings (Fig. 279) about 10 to 8. In 
Siemens' machines with internal magnets (Plate VIII.) the 
ratio is about 10 to 9. In machines witli cast-iron magnets, 
the rings are usually made witli a less radial depth of iron 
than in machines of wrought iron. 

For bipolar drums, the usual ratio of external and internal 
diameters is 10 to 3. In Kapp's 2-pole machine (Plate I.) 
the ratio is 7 to 4. For multipolar drums greater internal 
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space is usual. In Brown's 6-pole drum (Fig. 240) the ratio 
is 5 to 3. 

Proper Fltiz-density. — The limiting values to which it is 
found expedient in practice to push the flux-density have 
been several times alluded to. The values of B ^u:^ ^^^ 
tabulated for convenience. As a rule the higher flux-densities 
are admissible in the larger sizes only.^ It seems to be recog- 
nized that the flux-density in the gap-space may be higher if 
the poles are of wrought iron or mild steel than if they are 
of cast iron. 



Flux-density B * Lines per sq. cnL 


Species of Dynamo. 


In Armature. 


InOap-Spaoe. 


In Field-Magnet. 


Wrought 
Iron. 


Cast 
Iron. 


Constant Potential 
Machines 

2-Pole Drum . . . . 

2-Pole Ring (long). . 

Multipolar Rings . . 

Arc-Light Machines 

Accumulator-charging 
Machines, 

Alternators 
Multipolar Ring . . 

,, Drum . . 

Ck>rele8S Disk . . . . 


10,000 to 
15,000 

12,000 to 
16,000 

10,000 to 
15,000 

17,000 to 
20,000 

10,000 to 
18,000 

6,000 to 
6,500 

6,000 to 
7,000 

5,000 


2,500 to 
6,500 

2,500 to 
5,000 

8,000 to 
8,500 

8,000 to 
7,000 

4,000 to 
6,000 

2,500 to 
4,000 

2,500 to 
5,000 

5,000 


12,000 to 
17,000 

12,000 to 
17,000 

12,000 to 
17,000 

17,000 to 
20,000 

10,000 to 
15,000 

12,000 to 
17,000 

12,000 to 
17,000 

12,000 


6,000 to 
8,000 

6,000 to 
8,000 

6,000 to 
8,000 

6,000 to 
10,000 

5,000 to 
7,000 

6,000 to 
8,000 

6,000 to 
8,000 

6,000 



Specific Utilization of Copper. — Those machines in which 
the material is used to the greatest advantage will have the 
largest output in proportion to weight. Considering the 

' See statistics by Wiener in Electrical World, xxiii. 713, 18^4, where, 
however, teeth on cores are erroneously regarded as causing leakage through 
the armature. 
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copper in the armature only, the number of watts of output 
])ei- lb. of copper will obviously be greater tbe denser the field 
and the higher the linear speed. Taking an average field of 
about 3000 lines per sq. cm., the watts pur lb. of copper vary 
from below 100 in multipolar ring slow-speed machines to 
500 or 600 iu bipohir drum high-speed machines. 

The length of wire to produce a given voltage at a given 
speed is a measui-e (inveraely) of tlie density of magnetic 
field. The following are examples of 2-pole drum-wound 
dynamos : — Edisou-Hopldnson, at 750 revolutions per minute, 
takes 19 inches per volt ; Kapp at 780 revolutions per 
minute, 35 inches per volt ; Thomson-Houston arc-lighter, at 
900 revolutions per minute, 148 inches per volt. With a 
peiipheral speed of 3000 ft. per minute, in a field where the flux 
density is 6000, each inch of conductor generates about ^ volt. 

Size ofWire for Winding Armaturet. — Tills will be further 
discussed under heading of permissible heating. Modern 
practice allows from 2000 to 3000 amperes persquare inch, in 
conductors of ring-armatures, and even up to 4000 amperes 
per square inch in those with single-layer surface winding; 
but in the magnet coils only about 2000 amperes per square 
inch. Esson ' has given a useful table of usual sizes of wire 
used ill winding armatures to run at usual speeds, together 
with tlie number of layers of each that may be used for these 
cun-ents without oveiheatiiig. 

Seating of Magnetie Coils. — All field-magnet coils are 
liable to heat, because even tlie purest copper offers resist- 
ance. If it be assumed that the thickness of the insulation 
is proportional to the thickness of the wire on which it is 
wound, it follows that the weight of copper in a coil filling 
a bobbin of given dimensions will be the same, whether a i 
thick wire or a thin one be employed. Further, for n given | 
volume to be filled with coils, the number of ohms of resist- 
ance of the coil will vary jiirectfg as the tqtiare of the numher 
of turns in the coil. For if a coil wound with 100 turns of a 
given gauge be rewound with 200 turns of wire having half 
the sectional area, the resistance of this new windiug wilL^ 
obviously be four times as great as that of the original wind- 
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ing. Also, by a similar argument, it follows that the resist- 
ance of a coil of given yolome will vary imvertel^ om the square 
of the sectional area of the wire used. And as this area U 
proportional to the square of the diameter of the wire, it 
follows that the resistance is imvertelif proportional t4> ike 
fourth power of the diameter of the wire used. (See also Ap- 
pendix A.) 

The amount of heat developed per second in a coil is the 
product of the resistance into the square of the strength of 
the current. To avoid waste, therefore, no unnecessary re- 
sistance should be introduced into any main-circuit coil. It 
is easy to show that with a coil of giren volume^ the heat- 
waste Ls the same for the same magnetizing power, no matter 
whether the coil consists of few i^-indings of thick wire or 
many windings of thin wire. The heat per second is C* r,-and 
the magnetizing power is S C ; C being the current, r the 
resistance, and S the number of turns. But r varies as 
the square of S, if the volume occupied by the coils is con- 
stant. For suppose we double the number of coils, and halve 
the cross-sectional area of the wire, each foot of the thinner 
wire will offer twice as much resistance as before ; and there 
are twice as many feet of wire. The resistance is quadrupled 
therefore. Tlie heat is then proportional to C* S^: and 
therefore the heat is proportional to the square of the mag- 
netizing fjower. If, therefore, we apply the same magnetiz- 
ing j>ower by means of the coil, the heat-waste is the same, 
however the coil is wound. To magnetize the field-magnets 
of a dynamo to the same degree of intensity requires the 
same exj)enditure of electric enetgy, whether they are series 
wound or sliunt wound, provided the volume is the same. 

A simple way of looking at this matter is to regard the 
whole winding as consisting of one turn, there being a current, 
equal to the total ampere-turns, going only once round. Then 
this current divided by the total cross section of copper gives 
tlie current-density. We then see that for equal-sized bobbins 
(containing the same amount of copper) the magnetizing effect 
is simply proportional to the current density. Further, the 
power wasted per lb. of copper is proportional to the square of 
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the current-density. The following table gives the waste in 
watts for different current-denaitiea in both inch and centi- 
metre measure. The temperature of the coil is taken at 
30° C, at which temperature the resistance of an inch cube 
of copper may be taken at 0-7 X 10 -* ohm. 

AT Dn-FEREKT 



Currenmenaity. 


Watw«m»«rt<>dlDloH«t. [ 


"■^S"' 


AiDiNrMper 
■q. on. 


^SS^"' 


PBreubEcem. 
□r Copper. 


Pur lb. Dl 
Copper. 


1000 

1.W0 
2000 
3500 
BOOO 
3300 
4000 


165 
282 
310 
8B7 
185 
543 
6S0 


0-7 
1-57 

a-8 

4-37 
6-3 
85 
11-2 


0-043 
IHB 
0-171 
0-266 
0-384 
0-510 
0-883 


a- 17 

4-88 

e-71 

135fl 
1959 
28-48 
84-83 



If the volume, of tlie coil (and the weight of copper in it) 
may be increased, then the heat-waste may be proportionally 
lessened. For example, suppose a shunt coil of resistance r 
has S turns ; if we wind on another S turns in addition, the 
magnetizing power will remain nearly the same, though the 
cuiTent will be cut down to one-half owing to the doubling of 
the resistance ; and the heat-loas will he halved, for 2 rXCJC)' 
wU be J C r. 

It is assumed in the foregoing argument that we get double 
the number of turns on if we halve the sectional area of the 
copper wire. This is not quite true, because the thickness of 
the insulating covering bears a greater ratio to the diameter 
of the wire for wires of small gauge than for \vire8 of large 
gauge. In designing dynamos, moreover, one ought to be 
guided by the question of economy, not by the accident of 
there being only a certain volume left for winding. If there 

insufficient space round the cores to wind on the amount of 
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wire that economy dictates, new cores should be prepared 
having a sufficient length to receive the wire which is economi- 
cally appropriate. 

In order to calculate the diameter of the wire to be used in 
a shunt coil, we must first estimate the mean length of one 
turn. This can be done with considerable accuracy when the 
circumference of the iron limb and the approximate depth of 
winding are known. The diameter of the wire d must be 
such that the resistance p of one turn divided into the volts 
at the terminals of the shunt will give the total ampere-turns 
required, or in symbols 

SC=1. 

If the bobbins are to be circular and of mean diameter ^ we 
know that 

^ = ^^Xl-9xlO-«. 

Hence the diameter of the wire in centimetres will be 

d = ^ / SCx^X4xr9 
V 6x10^ 

Example. — What thickness of copper wire must be used to 
wind a pair of shunt coils in order to obtain an aggregate of 18,930 
ampere-turns, the winding on each cylindrical bobbin having a 
mean diameter of 17 centimetres, if the pressure at the terminals 
of the magnet is intended to be 100 volts (the two coils being in 
series with each other). Answer : 0*166 cm. 

We have taken the resistance of a centimetre cube of 
copper to be 1-9 X 10 "* ohm. at 50° C. The figure will of 
course vary with the temperature of the coil. If the measure- 
ments are expressed in inches, we have 



h.= \/ 



SCX<>;,X 4x0-75 



«XlO« 



If no special limit of temperature-rise is prescribed, then 
the dominant consideration that governs the length of wire 



used ill winding is the amount of energy that may be wasted 
in magnetizing. If a temperature-limit is prescribed, theu 
there must be provided a cooling-surface proportional to the 
energy that is wasted in the magnetiziug coil. Experience 
sliows that if the heating is not to exceed 20° to 25° (Cent.) 
above atmospheric temperature, at least 2^ square inches of 
external surface of coil must be allowed for each watt wasted 
by the coil's resistance. Or, conversely, if a bobbin has room 
for a coil of only a certain amount of surface, a winding must 
be chosen such that it will waste only one watt for each 2j 
square inches of surface. 

For shunt coils the length, and therefore the volume, is 
dictated solely by reasons of economy. It is usual to allow 
25 to 40 yards per volt. 

Permiasible Heating and Surface of Emimon. — In order 
that any coil may not overheat it must have sufficient surface 
relatively to the amount of heat developed in it by the current. 
1q the Brush arc dynamo, 2 sq. inches of surface per watt lost 
are allowed in the field-magnets, and 0-9 sq. inches in the 
armatures; in the Thomson-Houston armature, I'66 sq. 
inches. The relation between the heat developed, the surface 
of emission, and the resulting rise of temperature has been in- 
vestigated by Forbes, Esson and others. Esson finds that 
from surfaces consisting of wire double cotton-covered and 
varnished heat will be emitted at the rate of ^^^ of a watt^ 
from 1 square centimetre if warmed 1° C. above the surround- 
ing atmosphere. Within the range of oi-dinaiy heating it 
may be assumed that the rate of emission is proportional to 
the excess of temperature over the surrounding air. 



■ The uroti la the unit of rale of expenditure of enec^, and is equal to ten 
roilliouergspersecond, or to yie of ft horse-power, A current of one ampere 
flowing through a resistance of one ohm, spends enei^ in heating at the rate 
of one watt. One watt Is e<iulvalent to 0-24 calories per second, ot beat. 
That Is to say, the heat developed in one second, by expenditure of energy 
at the rale of one watt, would suffice to worm one gramme of water through 
0-24 (Centigrade) degrees. As 252 calories are equal to one Brilish lb. 
(Fahrenheit) unit of heat, it follows that iieat emitted at the rate of one 
watt would suffice to warm ■1-4 pounds of waier one degree Falirenheit in 
one hour ; or one British unit of heat equals 1050 watt-seconds. 
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Esson's rule, which appears to agree with the experience 
of various different makers, may then be stated 

<^C = 855-; 

where ^ stands for the rise of temperature, w is the watts 
expended in heat in the coil, and % its surface in sq. cms. 
Or, if Fahrenheit degrees and sq. inches are used, the rule 
becomes 

<^F = 100 -. 

In using such rules, and calculating the watts developed 
in the coil (by multiplying the resistance by the square of 
the current), it must be remembered that the wire when warm 
has a higher resistance than when cold. A useful rule to 
take this into account is : — 

To find resistance {hot) when resistance (cold) is known ; 
add to the known number of ohms 1 per cent, for every 2J 
Centigrade degrees, or for every 4 J Fahrenheit degrees. 

To find marimxim permissible current^ if the rise of temr 
perature is prescribed as a limit. 

Max. permissible current = * / ^ ^ X sq. c m. 



356 X resistance (hot) 
or 



Max. permissible current = v / ^ F X sq. inches 

V 100 X resistance (hot) ' 

Example. — A colL has 450 sq. in. of surface, and a resistance 
(hot) of 15 ohms. It is required to know what is the largest cur- 
rent it can carry continuously without heating more than 30° F. 
above the surrounding air. Here the maximum current will be 
3 amperes. 

If we assume that a safe limit of temperature is 90** F. 
or 60° C. higher than the surrounding air, then the largest 
current which may be used with a given electromagnet is 
expressed by the formula 

Highest permissible amperes = 0*95 \y/l , 
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where s is the number of square inches of surface of the coils 
and r tlieir resistance in ohms. 

Similarly, for thuni coili we have 

Highest (leiTiiissible volta = 0'96 y «r. 

The magnetizing power oi a shunt coil, supplied at a given 
nunilier of volts of pressure, is independent of its length, and 
depends only on its gauge, but tlie longer the wire the lega 
will be the heat waste. On the contrary, when the condition 
of supply is with a constant number of amperes of current. 
the magnetizing power of a coil is independent of the giitige 
of the wire, and depends only ou its length ; but the larger 
the gauge the less will be the heat waste. 

In running armatures the rise of temperature is relatively 
less owing to circulation of air; but the cooling effect of 
running is less in those machines that have their armatui'es 
almost entirely covered by the jjolar surfaces than in those in 
which the armature is more exposed. Owing to the cooling 
effect of the air-currents while running.it ia found that when 
a dynamo is stopped at the end of a long run, the surface 
temperature immediately rises above what it was when run- 
ning, as the heat which is being conducted ontwartls from the 
hotter interior is not now bo rapidly got rid of. In the 
Admiralty specifications it is laid down that after the end of 
a long run nf six hours, no part of the machine shall at the 
end of one minute after slopping show a greater rise than 
30" F- (= 16-6 C.) above the surrounding air. This is need- 
lessly low ; for ordinary engine-room work a lise two or 
three times as great iaperfectlyaafe. Kapp allows I'Ssq. inch 
(^ 9-7 sq. cm.) for each watt lost in the armature ; and 2'5 sq. 
inches (^162 sq. cm.) per watt in the field-magnet. Esson 
finds that on armatures running at ordinary speeds, there will 
Ije a rise of 35" C if for evei-y watt wasted in heating 1-13 sq. 
inch (=7-3 sq, cm.) l>e allowed. The formula given aljove 
for field-magnets would show for the same rise a minimum 
surface of 1-6 sq. inch (=9-7sq,cm.) per watt. Esson finds 
an approximate rule for different speeds to be 

_ _55 w . 

1(1 + 0.000181-)' 



» (C.) = 
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where % is given in square inches, and v is the peripheral 
velocity in feet per second. If these are given in square 
centimetres, and metres per second respectively, the rule 
becomes 

354 tr 



B^ (C.) = 



% (1+00006 r) 



From an elaborate study by Messrs. A. H. and C. E. 
Timmerniann,^ it appears that the number of watts that can 
be radiated per square inch per degree (C.) of rise of tem- 
perature increases with the speed, being about 0-010 at zero 
speed, 0-018 at a speed of 1000 feet per minute, and 0-022 
at 3000 feet per minute. For a temperature rise of 30° C. 
the number of square inches of radiating surface per watt is 
about 3*3 at zero speed, about 1*9^ at 1000 feet per minute, 
and about 1-5 at 3000 feet per minute. 

Some calculations about the gi-eater heating of interior 
layers have been given by Mr. Joyce.^ 

The following rules are useful for calculating the windings 
for machines of same type, but of var}ing size, or output. 

To reach tlie same limiting temperature with equal-sized 
bobbins wound with different-sized wire, the cross-section of 
the wire must vary as the current it is to carry ; or in other 
words, the current density (amperes per square centimetre) 
must remain constant. 

To raise to the same temperature two similarly shaped 
coils, differing in size only, and having the gauge of the wire 
in the same nitio (so that there are the same number of tunis 
on the large coil as on the small one), the cuiTents must be 
sueli that the squares of the currents are proportional to the 
cul)es of the linear dimensions. 

Similar iron cores, similarly wound with lengths of wire 
proportional to the squares of their linear dimensions, will 
when excited with equal currents, produce equal magnetic 
forces at points similarly situated with respect to them. 
(Lord Kelvin, Phil. Trans.^ 1856.) 

1 Trans. Ainer. Inst. Electr. Engineers^ x. 1893. 

2 Joxirn. Inst. Electr. Engineers^ xix. 248, 1890. 
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Similar machines, if magnetized to an equal degree of 
saturation, must have ampere-turn^ proportional to the linear 
dimensions. 

If two machines are to give same electromotive-force, the 
diameter of the wire of the coils must vary as the linear 
dimensions. 

If, in altering the field-magnets of a machine of any given 
capacity, the lengths of the several portions of the magnetic 
circuit remain the same, but the several areas are altered, 
then the wire for rewinding must have its cross-sectional area 
altered in proportion to the periphery of tlie section of the 
cores. 

The resistance of a coil, the volume of which is known, 
and which is wound with (round) copper wire of diameter 
d millimetres, enlarged by insulation to a diameter of D milli- 
metres, can be calculated by the following rule, which is based 
on the assumption that the partial bedding of the convolutions 
allows of 10 per cent, more wires being got in than would be 
the case if they were exactly wound in square order. This 
figure can only be approximate, as the amount of bedding 
varies somewhat with the relative thickness and pliability of 
the coating of insulating materials, as well as with the gauge 
of the wire. If v be the volume in cubic centimetres, the 
resistance r of the coil in ohms (cold) would be 

r = 0-0244 ^ . 

If V be expressed in cubic inches, and D and d in mils 
(1 mil = '001 inch), then the approximate formula becomes 

. = 960,700^,. 

Length and Diameter op Armatures. 

Various rules have been given for the ratio between the 
length, L, of an armature-core and its diameter, rf, embodyii'^r 
the results of practice. 

In the case of 2-pole dynamos the usual dimensions for 



mA£=7^ 



amnfe^ L = i: a 2» inequenU thoagh the 
1. = 1 f uTt- Kian^ iDfinkd. In the Edison 



"vi*^ ■ir"^. LT^-i^r raa^r.TTr^ L Tun** iram 1-S5 to 1-9 d in the 

Jar snclxipoiar machines the 
zJmL Hit iez>gth. In Brown's 



_ 4.' 



-■ • ^ jrr:=i^ r^joz ^ — . xiiiL F^. i^?. i = f L nearly. 



n:itf*f ic ^rE!i:?qis makers shows that 
: - T.:^ zL^^^-iiTT^ -Hr: c^xoa. loiro:?*: 2* lo allow for magnet- 
^— . T^^ irji-L^r=' & :rrua6-5»rziaL l^V. times that of the 
i*Ti-*-:r- — ^-^ r r t^^iith: imL ir it "tz sasi steel : or 3 times, 
J z.- TT-ac^s^- :^^ i? t :»>: jrni*. Far ihe magnet-<K)res of 
i.':;:i Ti-cu-iitr^ ^ir ii??u-*. irETs? tr* 1-fS aad 2-3. 

rirr : itrsn Ti ->. •Jlt-:Iml-^ fissesw. "viiis is the best 9hape of 
-r -: u -: r "^ ' n^i^^irT-i-rpsw TL2> Tccri is readily answered 
u:> :e-T^:^ — c ^rmecrj-'^ iiin: lik; •>£ all possible forms 
^-:i^ r. ::** si^^i :un :cit vrn. j^Jts: i^e-ripheTT is the circle. 
:;*._-:i.r,.:^ • .n :.i-^ ti* "lih frCLrwii;^ iible exhibits the 
.-'. zz^^^ c v.Tt ^fc i.rvi ^: iriji r:*Tiad Tarious forms 
•: t :■- .^::i: ^: ul. ir^ t . ri^r krei :f the simple circular 
.^ .:^ -.i^t:^ ie- i.i-r-. L:i*i i— -rvazi:* made for thickness 



• r 



>• * 



- • . . c 1.^ 



- » 



^ 8-54 

:^ - 4-00 

J-r-.''IiJ2;r'-H i ' 4*24 

iif: •;*.■: :r»r. I I 4*62 

E.r*.-r:i^;rjf . * I 6*91 

iKu.r.x ziii»>r .L :ti*r ?«;riitr»f r»:C"v««!fc r*~: j^^ciirsrcles .. 3*76 

r»:u.f:i£ ^r:a»i*r c tt-. s;^Ia-:»:^^ :*rC-^T*f!i r»-,' s^ni-cinrles .. 4*28 

r-w. :■^:■.•Tr^ ^lirf : j joirr 4*997 

"T-o- ; .-LT.itrrN :«in '»^-rr '»":crc r.czji "xci loceiik^r . . . . 4*10 

Vlz^ rurrir-* ebc^ s^parmtelj. . .. 613 

Frar 'nrcies •• .... 7*09 

Sirmm<itnf of Fxdd-m^ijn^U. — I: was pointed out on p. 167, 

that in 2-pole single<irciiit neld-magnets the field is unsym- 
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metrical, being much stronger between the inner horns than 
between the outer horns of the pole-piepea, if the poles are 
shaped away as in Fig. 100, No. 23. Such shaping produces 
several evil results. Firetly, the armatui-e is attracted down- 
wards as a whole (see p.- 327) ; secondly, the armature, if ring- 
wound, will he electrically on t of balance, owing to the unequal 
magnetic field at opposite ends of a diameter ; thirdly, the 
neutral points for non-sparking will not be at opposite ends 
of a diameter. 

the gap-space is in every case to necessitate more ampei-e- 
tums of excitation. It also has some other results. It sUghtly 
increases the leakage coefficient v. It enables thicker copper 
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niagnetomotive-foroes, and diminishes their prejudicial action 
Some ideas as to tlie iirst of tliese effects may be gathered 
from considering the curves given by Anioux, in Fig. 260, 
sliowitig the result of widening a gap-space from 8 to 10, and 
then to 13-2 millimeti-es. Tlie initial slopes of the curves are 
given by lines wliose tangents are inversely proportional to 
the gaps. It will be noted that in their upper part the three 
lines approach one another. 



Intekferesce of Armatttke Field. 

As explained in Chapter IV., p. 71, the armature-current 
tends to cross-magnetize, and if the bnishes have a forward 
lead (or in a motor a backward lead) tenda also to demag* 
netize the field. We saw on p. 80 that the position of the 
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neutral point for non-sparking is affected by tbia interference: 
and on p. 853 we learned how to compensate the demagnetiz- 
ing effect. We have now to considerthe matter further from 
♦ie point of view of dynamo design. 

In the first place, let us examine the behavior of some 
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existing dynamo, by observing the relation between its 
Toltage and the amount of excitation, at some constant 
speed, under varying conditions of load. Let the lead given 
to the brushes be varied as required to fulfil the condition of 
sijai'klessiiess. First let a cui-ve be found with zero armature 
current i then with a 50-ampere loivd, then with 100 amperes, 
and so forth. The experiments should be made in each case 
by beginning with the highest excitation (and smalleat angle 
of lead) and gradually diminishing the excitation (and in- 
creasing the lead) until a sparkleas. position can no longer be 
found for the brushes. This dynamo ' was intended for a 
noi-mal output of 150 amperes at 70 volts. It will be found 
that in each case, the smaller the load the more may the 
excitation of the field be diminished before the state of things 
is reached that no neuti-iil point can be found. In other 
words, tliere will always be some definite relation between the 
ampere-turns on the armature, and those on the field-maguet 
wliich fixes the working limit of sparklessneBS. We shall 
presently inquire into this relation, For the present it may 
be remarked that these load-curves ' give us much informa- 
tion as to the necessary windings of the field-magnet, how 
many ampere-turns must be contributed on open circuit by 
the shunt coil, and how many compensating ampere-turns 
must be added by the series coil in order to keep up the 
voltage. 

Limit* of Load and Non-»parking Point. — Two things 
limit the output of a dynamo: the heating of its armature 
conductors, and sparking at the brushes. Given a dynamo, if 
by widening the gap a little and rewinding its armature with 
copper wire of double cross-section, we reduce its resistance 
to one-half, we may then take from it nearly a double current 
with no more heating thau before, provided it still does not 
spark. Such a reconstituted machine would clearly cost less 
than two of the previous pattern. But the limit of such an 
augmentation of the output by increasing the ampere-turns on 

'See Amoiix in Bull, de la Soc. Int. ilea Eleetriciejia, \L CI, 1889. 
* For otherexRraples of load-curves uc Eetoti Iti Joarnat Ingtil. EUetrieal 
Xnffineera, xlx. 152, 18S0; and Kapp, In Proc. InHit. Cictl Eng., Feb. 1@S0. 
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the armature is reached very soon ; for the cross-magnetizing 
tendency is doubled, and the lead increased, and the demag- 
netizing tendency more than doubled by doubling the 
ampere-turns of the armature. These perturbing effects may 
be all included under the general name of interference used in 
the previous paragraph : they have been investigated more or 
less fully by Hopkinson,^ and more completely by Swinburne,'^ 
and by Esson.^ 

It has been pointed out on p. 79, that because the wind- 
ings of the armature possess self-induction, the reversal of the 
current in them in the act of commutation as they pass the 
brush requires the presence of an impressed electromotive- 
force ; and that this is accomplished by giving the brush a 
lead (forward in a dynamo, backward in a motor) so that that 
section in which the current is to be reversed is at that time 
passing through the fringe of the magnetic field. The 
stronger the current to be reveraed, the stronger is the field 
necessary for sparkless reversal. But the field under ,the 
" trailing" horn of a pole-piece (or in a motor, the "leading'' 
horn), near which commutation must take place is, as we have 
seen (Figs. 62 and 66), weakened by the interference of the 
armature. Now the cross-magnetizing action of the annature 
tends to send magnetic lines up (see usual diagram Fig. 61, 
p. 73) both sides of tlie ring core, which tend to cross the 
gaps and return through the masses of the pole-pieces ; the 
strongest cross-magnetizing force in the gaps being under the 
tips of the polar horns. This cross action opposes the normal 
flux of magnetic lines at the top right and bottom left cornei-s (of 
Fig. 03), and helps it at the other two. The cross-magnetizing 
magnetomotive-force under the pole-tips (assuming the gaps 
alone to offer any appreciable reluctance) is equal to ^ r 
times the ampere-turns of all the conductors that lie iutthe 

1 PhiloHophical Transartionn, 1860, pt. i. p. 331 ; and Electrician, xviii., 
Dec. 1S(»G. 

■^ Journal Instil, Electrical Enrfinccrs^ xv. p. 540, 18S0 ; and xix. pp. 00 
and 2iW ISIK). 

3 lb., xix. p, 118, mX) : and xx. p. 2r>."3, 1801 ; also Electrical WorhJ, xv. 
21o, Iv^lX) ; SCO also Elcctricnl Uprif>}c, series of articles on Synthetic Study 
of Dynamos, 1800. 
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gaps, or within the angle of polar span f. Using the usual 
symbols — Z for the number of conductoi-s around the armature, 
and C„ for total armature current— we Lave for the total 
ampei'e-tunis on the annature i Z y JC of which v •;- 180° 
are effective, and of which the half may be taken as the part 
operative iu either place w lie re the cross-circuit crosses a gap. 
If v> ia taken at 120", the cross-force uuder the tip will be 

i Z X 1 C. X J X A '' X US = <^«2 X 0-104 ; 
or equals the ampere-turns ^ on the armature multiplied by 
0-416. Now let us see what number of ampere-turns on 
the armature would produce a cross-force in the gap just 
exactly balancing the normal magnetizing force there, so aa to 
neuti-alize the field under the pole-ti]). In that case sparkless 
revei-sal would be impossible, an3 so we should have asce:^ 
tained the limit of load. Now the difference of magnetic 
potential in the gap (or that part of the magnetomotive-force 
that is spent therein) is equal to the product of the magnetic 
reluctance of the gap into tlie flux across it. If /, be the 
length across the gap and Ajtlie polar area, the reluctance of 
the gap is l^ -^ A,, and tlie magnetic potent iaUlifference in 
it is ^ N /j -i- Aj. Now call the length of the armature core 
or of the pole-face, pai-allel to the axis, L ; the breadth of the 
pole-face measured along the curve from tip to tip h ; the radial 
depth of the core r; and its sectional area A,. We may 
assume that in the core the magnetization is pushed to 
Q = 17,000. Then we have the following relations i^ — 
IM = 17,000 Aj! Ai=rL; Aj = 6 L. 

' This term is here iiseil prentaely as for nny electromagiiei. Tn bipolar 
drum-annatureBlt ishaltthe armaturerurrcnMiiulUplleilbyliiilf the number 
olexliemalconiluctors. iDmultlpolarinHckiiics (wound with parallel group- 
ing) it is equal to toUl current multiplied by toinlnuml>cruf cundut^tors vid 
divided by the square of the number of poles. In Esson's paper of 1890 
(Jrnirnal I.E.E. six. 14.1}. the term amperp-lums was used in a different 
sense, namely, as the prodnct of llie total nuuiber ot condnclors Into the cur- 
rent carrieil by each. This Is the same thing to wliich iu liis pap^r of ISOl 
{Journnl I.E.E., kx. 2fl«) liegavetlie not very apposite name of " volume," 
but which would have been better described as the total circulation of armn- 
ture current. The name use<l hereafter for this quantity Is the clrriimjlnx. 
For 2-pole machines the clrcumllux is twice the ampere-turns ; for 4.pol6 
machinea, tour times, ±e. 
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Substituting these in the preceding expression, and can- 
celling out L, we get 

Magnetic potential in gap = 17,000 X r x 't -^ i- 
Equating this to the cross-force, we get 

C,Z 40900 rl^ 
4 — b 

For some purposes it is more convenient — particularly in 
relation to the multipolar machines — to consider not the 
ampei'e-turns of the armature, but the effective circulation of 
current as reckoned by multiplying together the number of 
armature conductors and the current carried by each inde- 
pendently of its direction. This quantity, here denoted by 
the 8ymlK)l Q, we shall call the circumflux} It is equal to 
the product of the whole armature current, into the whole 
numl)er of armature conductors, divided by the number of 
poles. For a 2-pole dynamo we then have as the limiting 
load on the armature 

Q C„Z 81800 Wj 
^ "* "2" - b 

Esson^ gives the result of observation of a number of 
modern dynamos by different makers, and found the actual 
numerical coefficient to vary from 61,265 to 95,905 for ring 
machines, with a mean of 85,000, differing little from the 
theoretical 81,800 given above. 

From the foregoing it appears that the maximum load 
which an armature can carry, within thelimit of sparklessness, 
is directly proportional to the radial depth of core, and to the 
length of the gap, but invei-sely proportional to the breadth 
of the polar span. If, therefore, taking an existing machine 
whose load is just within the spark limit, we wish to make it 
carry a heavier load (or more copper on the armature) we may 
do so either by increasing the radial depth of the core-disks, 
or by increasing the gap-space (whether wanted for copper 

* Called by Esson at one time the "ampere-turns," and later the "vol- 
i tune," of the armature current. See preceding footnote. 
^Journal LE.E,, xx, 142, 1890. 
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and cleai-ance or not), or lastl3% by diminishing the breadth of 
span of the polar faces. The fii-st of these causes means a 
new armature ; the second requires the pole-faces to be bored 
out afresh, and also means some (not large) addition to the 
magnetizing power of the field-magnet ; the third lias the effect 
of concentrating the magnetic flux, therefore, lowering slightly 
the permeability, and necessitating either a slightly higher 
speed or a slight increase in the magnetizing power. 

The circumflux or polar circulation of armature current 
permissible for an armature of given diameter may be given 
in terms of the diameter by assuming (for ring 2-pole arma- 
tures) that h = 1-05 d\ r = 0-1 rf ; and l^ = 0-05 d. 

Substituting these values, we get 

Q = 390 rf. 

Esson takes 400 d (centimetres) as the limiting value of Q, 
for rings, and 600 d as the value for drums. Kapp allows 
1000 ampere-turns (or 2000 circumflux in case of 2-pole 
machine) for each inch of diameter above 12 inches, as a 
safe load. 

We are now ready to consider the safe output (watts) of a 
dynamo in terms of its dimensions. 

The gross output of a bipolar dynamo is — 

W = EC„ = n|S| ZCa-4-10«; (see p. 170) 
or for a multipolar dynamo — 

V 

where 'p stands for the number of j>air% of poles : so that 
the value of Q, the circumflux of armature current, will be 
ZCtt -T- 2 jt? ; whence 

W = 2nN XQ -^10«. [a] 

Now assume (as fair average of actual cases) that pole- 
pieces together cover -^ of circumference (or 2*2 X rf), and 
that the value of B iJ^ the gap is 5000. Then, if L is length 
of armature core (cms.), the working area of the armature 

25 
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through which magnetic lines go in or out = 2*2 X rf X L ; 
whence area of any one polar part is 2-2 rf X L -r- 2 p ; and 
the flux of magnetic lines through any one pole will be 5000 
times this ; or for the total flux through the 2 /> poles will be 

|V|=j9x5000x2-2dxL-=-2j9 = 5500rfxL. 

Inserting this value we have — 

W = 11000 Xrf + LxnxQ-^10« [?'] 

But, according to Esson, as above, Q = 400 d for rings or 
600 d for drums as the safe loads. Inserting these values 
we get^— 

for rings W = cPL n x 0-044 ) |- , 

for drums W = (PL n X 0-066 } '" ^ -' 

Now cP L is proportional to the volume of the armature 
core. Hence we conclude that the output is proportional to 
volume and to speed, and is independent of the number of 
poles and of the grouping of the armature conductors. Kapp 
finds it (for equal surface temperature) to increase as the 
3j power of the diameter. This is a slightly higher pro- 
portion than the volume, probably because of the somewliat 
higher peripheral speeds admissible for large armatures. 

Devices for Compensating Armature Reaction. 

As the output of a dynamo is limited both by heating and 
by sparking, the designer must consider very closely how the 
latter can l>e abolished. There are many cases in which a 
dynamo or motor might be called upon to give double its 
normal output for a few minutes. Double output means 
quadruple heating, which if continued for only a short time 
may do no harm ; wliereas if sparking were to continue at the 
commutator for an equal time serious damage might be done. 
It is therefore important to so design machines that even 

1 Esson, taking slightly greater width of pole-pieces, gets 0*048 and ()*072 
as the n\spective co-efficients. Snell (Journal I, E. E„ xx. p. 197) finds his 
machines give as their co-efficients, when translated into centimetres and 
^conds to correspond, 0*0375 and 0'05() respectively. 
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with doublu load tliey will not spai'k at the commutator. We 
have seen how the limit at which sparking begins depends 
upon the armature reaction, interfering witli the fieUl in 
the neighbourhood of the pole- 
tips, where it is needed for pii> 
curing sparkless reversal. 

Consider first the theory! of 
iirnmture interference. Draw 
any closed curve A B C A along, 
the magnetic cii-cuit (Fig. 262) 
60 that it passes through the 
magnetizing coils. The line in- 
tegral of the magnetizing forces 
along this line will lie equal 
(see p. 118) to 0-4= times the 
ampere-turns in the coiU. There 
will be an equal magnetomotive- 
force around the closed curve 
D E F D, though the resulting 
flux along this path may be less, 

owing to the greater reluctiince. Similarly if the brushes are 
advanced with an angular lead >., the numlier of conductors 
ill the demagnetizing zone (see p. 85) will bo a fraction 2 >■ 
-i- - of the whole number Z on the armature, and as each 
carries lialf the current, the demagnetizing ampere-turns (for 
<lnim-winding) will l>o 

J C. X 1 Z X 2 ^ ~ :r = -i C„Z -r- 2 r, 

and the demagnetizing magnetomotive-force will be O'S/CgZ. 
Further, the tendency to cross-magnetize may Iw calculated 
by considering the closed curve H A G D H dniwn through 
the pole-tipa of one pole-piece. If the arjgle of pohir span 
be called '/'", the number of conductors enclosed by this curve 
will be V"" Z ' 2 -, and the line-integral of the cross-magnetizing 
forces will be 0-4 >r x i C, x <!• Z 2:7, = 01 V C„ Z. As the 
reluctance in the parts of this path which pass through iron is 
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:i3i^Z'1^7:AJt^ ir» may r»*^pz«i '^sjt wri£iuE- 4^ tius as expended on 
Qie TM^^ ^^ A iiiii D : ^uxil ii vZIl b«- jieiai tiiaz tlie difference 
oc tna^rLtit:ii! ponton dsvi Ji; ^ine zic- A wCI be diminished, and 
wha^ ^ D mer^stttted. b^ 2stli thiffr aahxiikL. Since anr smaller 
ali'jti«iti earv^ a^ &;i 4 i. «aiiiIiDiaes§ fewer coodoctors, it will 
produ«:e a pi:op}i:^:}Q2UelT sibklLer dissuxtiiig effect. The 
mfnfmggi celii r&^'xir*^! for rens-esal m Use neigbboariiood of 
' «Le pole-dp tiep-eniii b«}C£L oc tLs- e^nrent to be leTeised, on 
the aeIi-Lii«l!i«!tiixi of tr>i^ - jeeri':»€u** azMl on the time occupied 
in the act of ei^omicraciija. The cruss^oiee irhieh tends to 
dimizuah the iSelii ac the r€*7i<xi A most not be suffered to 

taw 

retiace the CeM below the Efeossaarr minimum. It will be 
Boteti that the JemAgnetizing r*acn*:«i I wHch is proportional 
to A^ ten«l» to weokea the oeld in genemL irhile the cross- 
maenetiziiLg reaction tenuis » which is proportional to <^) to 
weaken the field under the leading pole-tipt^ and to strengthen 
it under the trailing tip<». In order that we mav be able to 
reverse sparkleaslv very gneat currents, we must have the 
impressed field s«> str^^ng that at least the minimum field 
remains at the pole-tip in spite of both these reactions. 
Searing, then, that the cr>5*-fielJ is respionsible for the dis- 
tortion wliich makes sjarkiess collection difficult, it remains 
to consider the remedies. These mav be classified under two 
heaiLs — those applied to the magnets, and those applied 10 
the armature. The former class may again be sub-classified : 
for in dealing with the cross-field we have two courses open, 
either to increase the reluctance in the path or to introduce a 
coiii[^iisating counter cross magnetomotive-force. 

Cront'R^^hwtance Rtnu}die$. — Any gap introduced across the 
closed i^atli H A G D H of the cross forces will diminish the 
crr^ss-field ; hence merely widening the cleai-ance or the arma- 
ture will to some extent help ; but then more winding will be 
wanted on the magnet-cores. The polar mass behind the face 
may Ix; nearly divided by a " V " groove ; as is readily done 
in the case of magnets of the Manchester type (No. 24, 
Fig. 101) and other forms having double magnetic circuits 
^as Xo. 8, Fig. 100 and Fig. 109) by judicious thinning or by 
ual sepai-ation, as in No. 27, Fig. 101, between the right 
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and left-liand halves, and so throttle tlie cruss-flux nf magnetic 
lines. To prevent weakening of the structure a thin web is 




Fig. 264. 



Fig. 263.— Magnkt wmi v-oap9 asd CoMPEirsATrso Poles. 
left in the casting, 11s in Fig. 263. Another suggestion, made 
by tlie author of this work some years ago, was to construct 
the field-magnets of pieces of iron 
with longitudimil gaps, as in Fig. a- w— -> b 

264. 

Crosi- Compounding Remedies. — 
Elihu Thompson proposed to place 
a compounding coil on a separate 
frame suiTounding the armature, 
and to tilt it in a direction counter 
to tlie rotation so as partially to counteract tlie cross force, 
Swinburne ^ suggested that a small auxiliaiy coil (in series) 
should be wound upon the tip of tlie pole, as in Fig, 265(i, to 
maintain a reversing field at that point. Mather," Housman,* 
and Swinburne * have all advocated the use of auxiliary poles 

'Jburn. Soc. Teleg. Engineers, x\. 543, 1886. 

■ La LiimUre Slectrique, xix. 404, 1885. 

• Jaum. In»t. El. Engineem. \x. 3S0, 1891. 

*&eeSvutb\iitie(Joumall.E.E.. xxx, 105, 1890); and Housman (16.. 
XI. 299, 1891), who maintains that if B — 7000 under the pole-piece, the 
auxiliary field for reveraing must be at least ^ 3000. 
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t right-angles tn Uie mnin polea (as in Fig. 263). wound wiUi 
1 main circuit coils to counteract the armatui'e foiue. The 




r of this treatise suggested a sort of corapound winding 
toving series and shimt poles at different angles (Fig. 265c3 



so that as tbe armature reaction tended to shift the field 

forward, the field should automatically shift itself back. 

Menges,^ in 1884, proposed a crosa-compouiid winding having 

the auxiliary series coils set to produce a field at right angles 

(Fig. 2656) to the ordinary field. He also suggested winding 

I tieries coils around tlie pohir parts of a machine with double 

I magnetic circuit, as in Fig. 265/". Fischer-Hiunen * winds 

I these coils in a notch at the centre of the pole-face {Fig. 265(f), 

I a construction which independently occurred to Prof. Forbes, 

to Mr. Moi-dey, and the author, 

Pi-of. Elihu Thomson' ha.s lately pi-oposed another solution 
I (Fig- 265;;), in which, by the use of auxiliary unwound poles 
^^neseuted, at right-angles, to the armature, he leada off the 




Ryan's Ditjamo. with Cuoss<-oMi>orNii Cotls. 



oroflB-fiux into tlie hack of the wound poles, and uses it to 
strengthen the field, intitead of weakening it. 

The most complete solution, however, is that given by 
Prof. Ryan.* who inserts a number of coila in slots cut in the 
|jole-face pai-allel to the shaft, to receive a series winding, 
which thus constitutes approximately a neutralizing layer of 
coils with a circulation of current equal and opposite to that 
of tbe annature. Fig. 266 shows a recent design of Ryan's 
1 D. R. P. No. 34,493. 

* Ufrechnung elektri'chfr GletcliHrom-matcliinfii (Zurich, 1808). 
» EleelTieiit Rerifw (X. Y.), uvii. 18, Joly 1895. 

• " On » Method of Balancing .Annature Reaction, " .SiVi/fy Journal of 
Sttginetring, y\\. n, Oct. 18112 ; sec also Ryan and M. E. ThompBon. Am. 
In*L tif Elfrtrieal Snijlneem, 18tC, where lesls ore given ot sudi machines; 
rented In EUctrMan. ixuiv. 7M. April 10. 1H06. 



with the coils an-auged in slots. In such macliiuca the ncig- 
iietizatioii does not dttij) with the load, uor dues the neutiul 
jwiiit shift. Further, the ga[K4[>ace may be made very small, 
reducing the iveight uf the tield windings. The entire absence 
of clistai'tion of lield at alt loads iiii a gain ; but for absoluu.-ly 
oparkless uolleetion it seems better to provide a special com- 
muting field than to depend on finding onesomewben; in ilie 
fringe near the pole-tip. This Ryan proposes to aceotuplisb 
as shown in Fig. 2C7 by biidgiug the space between tlie poles 
C D by an iron structure, slotted &t k I mn o p,io receive tlie 




di 
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Fio. 2G7.— Ryan's Confeheatino Devices. 



compensating conductors, and provided witJi a special coninm- 
tating lug >f in the centre of these windings. At no load ihU 
lug is not magnetized ; but as load increases the excess of 
ampere-turns in these compensating windings over the ci-oss 
anipere-tums of the armature tends to magnetize ff in the 
direction of the arrow, giving a commutating field always 
pro|>ortional to the current to be commutated. 

Finally MM. Hntin and Leblanc have proposed to deaden 
iparkiiig by use of a device called an ammortiggfur, consisting 
if a series of rods of copper carried thvongh slots in tlie jmlt- 
faces all shnrt-circnited together at their ends by being united 
to two rings of copper, constituting an embedded squirrel-cage. 
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Tliis device (Fig, 265fi) is supposed to prevent oscillations in 
tlie direction of tlie magnetic flux wliich occur at commutation. 
Concentration of Field. — Tliere are Other methods of pre- 
fleiTing the requisite coneentratioii of field at the leading edge 
of the pole. It is obviously desirable that the field should be 
magiietieally rigid — not easily distorted. This stiffness of 
field cau be partially secured by judicious shaping of i>ole- 
pieces. A simple notch in the pole-face, as in Fig. 265e, 
promotes concentnition of the field in the tip. If the tip is 
itself nearly saturated, the tendency to distortion may pi-oduce 




Fia. 268 —\ 



less effect than if it were far from saturation. But it is not on 
this account worth while to make the tips of cast iron instead 
of wrought, as they then saturate with a less flux. Tips 
widely sejiarated, like Fig. 268a, are not always good, even 
though thin. It is better that they should either be extended 
like Fig. 2fi8fi, nearly to meet, so that tliey may be satumted 
1^ the leakage field, or else cut off like Fig. 268f. Dobro- 
wolsky has recommended the bu»hr-d pole { Fig. 268rf), in which 
the armature is completely surrounded with iron. 

These forms differ very greatly as to the width of fringe 
which theypeimit in the field. It is of advantage that the field 
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should present, where the conductors enter, a mai-gin in which 
the flux-density varies from zero to a high value. If this 
margin is too narrow, the neutral point will be veiy well 
defined, and the brushes need very accui-ate adjustment. If 
it is too wide, the variations of lead at different loads may be 
excessive. One way of securing a suitable fringe, and at the 
same time maintain fair rigidity against distortion, is to boi-e 
the polar faces to a different and flatter curve, so that the 
polar gap is narrowest at the middle and wider at entrance 
and exit, as in Fig. 269. Another way, which has been found 

excellent by Mr. Brown, for 
his well-known 4-pole machines 
(Fig. 276), is to make the in- 
wardly projecting poles of cir- 
cular section, without any 
pole-shoes or extensions. The 
end-face of the pole when 
bored away presents a suf- 
ficient lip, and secures a well- 

FIO. 269.-NONKX)NCKNTRIC POLES, g^*^^*^^^ ^^^^ ^^ SufficieUt 

stiffness. 

Self-compensating Armatures, — Turning to armature 
methods of compensation, we find several devices. Swin- 
burne's chord winding (p. 246) diminishes the demagnetizing 
but not the cross-magnetizing force. It has the disadvantage 
that the two edges of any section are not both passing at the 
same instant into a commutating field ; hence it is not good 
for handling large outputs in machines with small clearance. 
Its service is to give a machine which up to its spark-limit 
has so little demagnetizing reaction that the excitation does 
not require to be increased to keep up the pressure as the 
load increases. Edison ^ has proposed an auxiliary winding, 
and also other devices involving the use of two sets of 
brushes at different leads. 

The best suggestions are those of Sayers,^ who connects 
the bars of his commutator to the appropriate point on the 

1 Specification of British patent, No. 5127 of 1888. 

2 InsL Elec. Eng., July, 18a3, xxii. ST7; 1895, xxiv. 122. 




ring or drum winding, not directly in the ordinary way by 
radial connectors, but throngb auxiliary compenaating coils 
wound also upon the armiiture. One of these commutator 
coil» is shown in Fig. 270, one end being attached to the 
iunction between two main armature coils and the other end 
being attached to a commutator bar. At the in-stant before 
the bar comes in confeict with the brush the whole armature 
current is being carried by a commutator coil immediately 




Fm. 270.— SaYERS' COMPENBATINO WLNDINO WTTH CoMMUTATOa COII£. 

ahead of the one shown in the figure. When the heel of the 
brush touches the bar, the left side of the commutator coil 
belonging to it is well under the pole-piece, so that it tends 
to take up the current ; while the coinmntator coil preceding 
it has its right side just coming under the auxiliary pole, 
tending to stop the current in it and reverse it in the inter- 
mediate main armature winding. The commutator coil in 
Fig. 270 has just taken up the current. A moment later its 
right side will come under the auxiliary pole, which will stop 
the current in it and pass it on to the next commutator coil. 
Sometimes the auxiliary pole is wound as shown in Fig. 263. 
The main advantage of Sayeiis' winding is that instead of 
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putting the brushes forward, he is able to give them a 
backward lead^ so that the armature current exercises a 
helpful magnetizing action, and obviates the need of any 
compound winding on the field-magnets. (See also p. 438 and 
Plate XII.) 

Design of Multipolau Dyna3IOS. 

Bipolar machines are common for small dynamos, but for 
large outputs multipolar are preferred. 

The advantage of using Q (the circumflux) rather than 
the ampere-tunis, in the investigation on pp. 384 and 385, 
was that the spark limit of load depends not on tlie total 
ampere-turns or action of the whole armature as an electro- 
magnet, but on the ciixsulation of current per pole. Hence 
the results already obtained are available for multipolar 
machines, as was pointed out by Esson, to whom is due the 
credit of this conception. 

The second formula on p. 384 may now be re-written — 

^ ^ ' 

where B is the strength of field in the gap-space. 

If we assume the limiting values of Q, and the usual value 
of B» ^^ already determined, then if v's the angle of polar span, 
be taken at 130°, it follows that the radial depth l^ of the gap- 
space must not be less than ^d^ for rings, nor less than ^^d. 
for drums. Then, if in order to make a large output 
machine, whilst keeping to two poles, we increase rf, we must 
either increase l^ or B? or else diminish v's or perform some 
combination of these processes, which in any case involves a 
greater expenditure of power in maintaining the field in the 
gap-space. Herein lies the advantage of multipolar con- 
struction for large outputs. Consider such a form as Fig. 271 
with 4 poles. To prevent undue leakage from pole to pole 
the distance between pole horns is wider relatively to the 
polar span than in a 2-pole machine ; and, for an equally high 
value of B ii^ the gap-spaces, the section of the ring is reduced, 
its diameter enlarged, and with its diameter its cooling surface. 



Uynamo uestgn. 

For driiui-wound miichines ll)ere is, iu addition to such gains, 
the additional advantages tlmt end-connections iire muoU 
simpler, and ventilation easier, tlian for 2-polo ra.'Kiliiiies. 
But does it piiy the constructor to make the change ? There 
is a little moi'e labor in tooling castings; but will he save 
copper ? A citse will show that, beyond a certain limit of size, 
there is a saving. Consider a 2-poIe drum ; rf ^ 50 ; L := 'JO ; 
B = 5000 in the gap; * = 130°. Then it will not be 
sparkless unless the gap-space \^ is at least 3-2 cm., or about 




Fio. 271.— Foi'R-POLE Maoset (Brown). 



0-9 cm, more than is needed for windings and clearance. If, 
to make this work spavklessly, we diminish the gap and 
increase B to 7000 or diminish V to 100°, we stilt gain nothing 
in mtignetixing power. Now substitute a 4-]>ole drum : 
(i=84; I, = 45; B=5000. With this increased diameter, 
the gap-space may be reduced to a maximum, the magnelixing 
power may be reduced by at least 30 per cent., and the 
total weight of iron by nearly 40 per cent,, which will more 
than pay for the exti-a labor of tooling. Essor states that 
the cost of a 4-pole dynamo, of output W at speed n. may 
be put as being equal to that of two dynamos, each of out- 



k. 
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put J W at speed 2n, and so forth. The cost of field-magnet 
castings is reduced, and their weight lessened, when, as in the 
large machines of Siemens and Halske (Plate VIII.), the 
ring is of such large dimensions that the field-magnet can be 
placed internally. 

For machines exceeding 100 kilowatts multipolar forma 
are, then, generally prefemble to bipolar ; firatly, because they 
give their maximum sparkless output with minimum clear- 
ance, and tlierefore with minimum weight of copper on mag- 
net ; secondly, because they keep cooler, so that for a given 
volume of core and winding there is actually a greater output. 
Multipolar machines liave one further advantage over bipolar 
machines, in that their length may be shortened relatively 
to the diameter without loss in economy, and with great 
mechanical gain. In the case of drum windings this is very 
marked. 

Best Thickness of Gap-space. 

Professors Ayrton and Perry have investigated * the rule for the 
best thickness of the conductors on armatures. By finding an 
expression for the total lieat-waste in terms which included the 
heat wasted in tbe excitation needed for the different parts of the 
reluctance, and considering what relations between these would 
make this waste a minimum, they came to the following conclu- 
sion : — The permissible continuous output of the machine is a 
maximum when the thickness of the winding on the armature is 
such that the magnetic reluctance of the space occupied by the 
winding on the armature is equal to tlie reluctance of the rest of 
the magnetic circuit. 

Assuming that practically the whole of the gap-space between 
armature-core and pole-piece is filled with armature winding, the 
above rulo amounts to saying that, given the construction of 
armature, the dynamo ought to be worked at such a degree of 
excitation that its total magnetic reluctance is run up to be twice 
as groat as that of the gap-space alone. This is indeed no other 
than the diacritical stage of magnetization, the permeability in 
gross of the magnetic circuit — iron and air together — being at 
Jbhis point reduced to half its initial value. 

I J t5ee their paper, Phil. Mag. for June 1SS8 ; or page 444 of the fourth 
eaUion (189'2) of this work. 
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